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ABSTRACT
DONALD MCCALL. Iodine Inactivation of Hepatitis A Virus,Poliovirus 1 and Echovirus 1 in Modeled Worst Case Water.
(Under the direction of MARK D. SOBSEY)
Hepatitis A virus, poliovirus 1 and echovirus 1 were
exposed to either 8 or 16 mg/Qt iodine under controlled
extreme water conditions (5 degree C, 5 NTU Bentonite clay
and 10 mg/L dissolved organic acids) at three pH values
(4.5, 7.0 and 9.5).  Virus titers were determined from
halogen quenched samples collected at specific time points
over a sixty minute contact time. The primary research
objective was to determine if globaline (iodine) at present
concentration (8 mg/tablet/quart of water) and used
according to present instruction (1 tablet, 2 tablets if
water cloudy or cold, and thirty minutes contact time) is
sufficient protection against HAV or other enteroviruses.
Iodine virucidal efficiency was dependent upon virus
type, pH and iodine concentration.  Iodine stability
decreased above neutral pH.  The three test viruses survived
sixty minutes iodine contact at pH 4.5, 8 and 16 mg/Qt
iodine and at pH 7.0, 8 mg/Qt iodine.  At pH 7.0, 16 mg/Qt
iodine, HAV was not detectable after one minute, echo 1 was
not detectable after ten minutes, and polio 1 survived sixty
minute contact.  At pH 9.5, 8 mg/Qt iodine, showed the most
rapid inactivation rate but viruses were detected at sixty
minutes.  At pH 9.5 and 16 ing/Qt, survival of HAV and polio
increased.  First order inactivation kinetics were not
observed for the three test viruses under trial conditions.
KEY WORDS:
clay, disinfection, echovirus, enterovirus, fulvic acid,
hepatitis A virus, humic acid, iodine, poliovirus, water.
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I. INTRODUCTION AND OBJECTIVE
Previous research on enterovirus inactivation by iodine
in iodine demand free waters has indicated that virus
inactivation efficiency is compromised as water temperature
decreases, pH decreases and iodine concentration is reduced.
Halogen inactivation efficiency is also dependent upon virus
type and the halogen demand characteristics of the water.
The research presented in this report was undertaken to
determine whether or not hepatitis A virus, poliovirus 1 and
echovirus 1 would be inactivated by 99.99 percent (4 log^g
inactivation) under modeled extreme conditions in no more
than thirty minutes.  The research objective was to
determine if globaline at its present concentration (8
mg/tablet/quart of water) and present instructions (1 tablet
and thirty minutes contact time, or if water is cold or
cloudy, than 2 tablets and thirty minutes contact time) is
sufficient protection against HAV or other enteroviruses
under emergency field conditions.  Modeled extreme
conditions were 5° C water temperature,  5 NTU Bentonite
clay, and 10 mg/L organic acid (5 mg/L humic acid and 5 mg/L
fulvic acid).  Duplicate trials were performed at buffered
water pH values of 4.5, 7.0 and 9.5 with iodine
concentrations of 8 and 16 mg/Qt.
II. REVIEW OF THE LITERATURE
A. Enterovirus Persistence and Fate
A.1. Viral Persistence in the Environment
By definition human enteroviruses are introduced into
the environment by human fecal material.  The medium of
entry varies:  directly, sewage treatment effluent, septic
tank effluent, sludge, landfills and water reuse.  The
result is the same; namely, viral contamination.
Enteroviruses are intracellular parasites of animal
host cells.  Consequently they do not reproduce outside the
host animal.  However, viruses can persist and may be
transported throughout the environment.  Much has been
learned about viral persistence and factors influencing
viral persistence in the natural environment.  These
influencing factors can be divided into three general
categories:  physical, chemical and biological.  The primary
physical factors are:  temperature, viral adsorption to or
embedment in soil or other particulate matter, soil type and
texture, moisture content, light and hydrostatic pressure.
The primary biological factors are:  virus type, viral
aggregation, microbial, protozoan predation and proteolytic
enzyme or other biological by-product effects.  The chemical
factors include pH, salt and ion concentration, halogens and
oxidents, organic chemicals, heavy metals, pollution levels
and dissolved oxygen (Gerba, 1984; Block, 1983; Melnick and
Gerba, 1980).  These factors can be interrelated.  Detailed
coverage of each factor will not be presented here.  Instead
temperature, solids, both inorganic and organic, virus type,
pH-related factors and enterovirus fate will be reviewed.
A.1.1. Temperature
Temperature is the primary factor determining virus
survival in the natural environment.  All other variables
being equal, the lower the temperature the greater the virus
survival (Gerba, 1984; Bitton, 1980).  Hurst et al. (1980a)
showed that under varying conditions (aerobic sterile,
aerobic non sterile, anaerobic sterile and anaerobic non
sterile) poliovirus 1 survived longest at the lowest
temperature (1, 23 and 37° C).  Yeager and O'Brien (1979)
found that the rate of poliovirus inactivation in water
saturated soils was temperature dependent.  They were able
to recover virus 12 days after 37° C incubation, 92 days
after 22° C incubation and 180 days after 4° C incubation.
Yates et al. (1985) determined that poliovirus 1, echovirus
1 and MS-2 phage decayed faster in 23 degree groundwater
than in 12 and 4 degree groundwater.  In 4 degree
groundwater, both polio and echo persisted 28 days before 1
Log  (90%) reduction.
Salo and Oliver (1976) performed virus stability
experiments with coxsackievirus A9, poliovirus 3 and
poliovirus 1 under pH values of 3, 5, 7 and 9.  The greatest
rate of inactivation occurred at 30° C under the extreme pH
values (3 and 9).  The slowest decay rates observed at 3 0
degrees (at pH 5 and 7) were faster than the quickest
inactivation at 2° C.  Less than 5 Log reduction occurred
over 12 days at 2° C, for all but one of the viruses under
all pH conditions tested.
Hauchman et al. (unpublished) tested HAV, poliovirus 1
and echovirus 1 and found that at 5° C, T99 values for the
virus were greater than 8 weeks in groundwater, 12 weeks in
primary effluent and 16 weeks in secondary effluent.
Research suggests that temperature dependent viral
inactivation may be caused by a range of different
mechanisms'  Block (1983) lists possible mechanisms for
temperature dependent inactivation as:  viral capsid
disruption, viral RNA alteration, oxidation, water molecule
bombardment and increased microbial activity at higher
temperatures (leading to enzymatic degradation and
predation).  O'Brien and Newman (1977) performed
inactivation experiments with radio-labeled poliovirus 1 and
coxsackievirus B-1.  They reported that above 44° C
inactivation is largely due to capsid disruption.  Below 44°
C, inactivation is dependent upon RNA degradation.  They
suggest that both mechanisms may have occurred at the same
time in their experiments.  Block (1983) cites research by
Dimmock (1967) with poliovirus that supports higher
temperatures lead to capsid degradation and lower
temperatures lead to viral nucleic acid disruption.  It is
important that research has shown viral RNA remains
infective outside the capsid (Gerba, 1984; Bitton, 1980a).
Hurst et al. (1980b) note that, typically, at lower
temperatures less microbial activity occurs and suggests
that fewer proteolytic enzymes are manufactured and
therefore less viral degradation occurs at lower
temperature.  Hurst et al. found that under air tight
conditions viral inactivation decreased compared to open
conditions.  The inactivation rates could be explained by
differences between aerobic and anaerobic microbial
activity.  Block (1983) states that freezing could effect
capsid integrity and structure.  Block also reports that
between 37 and 50° C oxidation is the most critical-
inactivating factor.
Most likely, inactivating mechanisms are mediated by
temperature, somewhat in the manner described by Sattar
(1981).  He suggests that increased temperature acerbates
the degradation mechanism leading to increased inactivation
rates.  Compared to other viral groups, enteric viruses are
more heat stable (Melnick and Gerba, 1980).
A.1.2. Solids
Solid-virus association is important to viral
persistence in the environment.  Block (1983) describes
viruses in a water environment as typically either solid-
associated or quickly adsorbed to solids and cites Gerba et
al. and Wellings et al. in demonstrating that the majority
of enteroviruses in a water environment are solid
associated.  Rao et al. (Block, 1983) found 24 to 83 percent
of viruses associated with primary settled solids.  Sattar
(1981) reports LaBelle and Gerba as estimating that greater
than 99 percent of "free" enteric viruses adsorb to
estuarine sediments under varying conditions, while Gerba
quoted in Bitton (1980b) found bacteria and enteric viruses
in greater concentrations in coastal sediments than in the
water column.
A.1.2.1. Theoretical Virus-Surface Interactions
Enteroviruses can be described as electrically charged
colloidal particles.  These charges are due primarily to
ionized carboxyl and amino groups present on the virus
capsid (Bitton, 1980a; Bitton, 1975).  Gerba (1984) reviewed
the theoretical behavior of colloidal (virus, clay etc.)
particle adsorption.  Significant colloidal interactions are
interdependent upon double-layer and van der Waals forces.
Dispersed individual colloids are observed to carry an
electrical charge, but colloidal systems as a whole remain
electrically neutral.  Virus (and other colloid) surface
charges attract opposite charges from the surrounding medium
into a compact area known as the Stern layer.  The ions are
held in the Stern layer by electrostatic and van der Waals
forces which are strong enough to overcome thermal
agitation.  A diffuse outer layer of ions (the Gouy layer)
is composed of opposing counter charges to the Stern layer.
The Gouy layer charges serve to neutralize the Stern layer
charges.  Thermal agitation and Brownian motion prevent the
Gouy layer from compacting as far as the Stern layer.  The
size and strength of the double-layer forces determine
particle repulsion.  The repulsion potential at the surface
of the Gouy layer (shear plane) is defined as the Zeta
potential.  If ion concentration in the suspending medium is
of sufficient concentration to allow significant size
reduction of the Stern-Gouy layers, or if colloidal surface
charges can be lessened by ambient constituents, then van
der Waals forces (which are always attractive) can be of
consequence and adsorption is more likely to occur between
particles (Gerba, 1984; Metcalf and Eddy, 1979).
Surface adsorption is a dynamic process but eventually
equilibrium is achieved and the rate of adsorption is equal
to the rate of desorption.  This assumes there are a fixed
number of accessible, equal energy adsorption sites
available on the colloid surface, and that adsorption is a
reversible process (Metcalf and Eddy, 1979).  Adsorption
equilibrium is thought to be dependent upon amount and type
of colloidal substrate present (viruses, inorganic and
organic solids) and temperature (Gerba, 1984).  The
literature describing adsorption is contradictory.  Gerba
(1984) states that virus adsorption may be diffusion limited
or dependent upon virus charge.  Moore et al.(1981) report
that virus-surface interactions are first order reactions
and concentration dependent.  Bitton, cited in Taylor et al.
(1980), reports that enterovirus adsorption efficiency is
controlled by diffusion, surface charge of interacting
particles, surface area of adsorbent, pH, and ion
concentration of surrounding solution. Viruses are known to
adsorb to bacterial and host cells, organic colloids, sands,
clays and silt in waters (Rao and Melnick, 1986).
Typically, virus adsorption is described as a single
layer adsorption, but viral aggregations or competing
substrate (organic acids) may lead to complexed particles.
Invagination and phagocytosis may also complicate virus
adsorption phenomena.  Viruses excreted from host are
characteristically embedded in a matrix of fecal material.
Viruses in natural waters are usually associated with both
organic and inorganic solids, therefore environmental
effects on virus adsorption and transport are usually a
mixture of competing but interrelated interactions.
A.1.2.2. Inorganic Solids in Water
Inorganic components of natural waters are composed of
various dissolved and suspended particles.  These may
include clays, salts, asbestos particles, iron and aluminum
oxides and hydroxides, quartz, amorphous silica, carbonates
and feldspar (Safe Drinking Water Committee, 1977).
Suspensions of sands (2.00 mm - 0.05 mm), silts (0.05 mm -
0.002 mm) and clays (less than or equal to 0.002 mm) are
determined by the suspending water's velocity (energy)
(Bitton, 1980a).  Clays, because of their large surface area
to volume ratio and ionic content, are the most adsorptive
components of natural waters.
The clay particle size limit is by definition less than
or equal to 2.0 um.  Aluminosilicates of well defined
crystallographic platelets make up clay colloids.  The
fundamental unit of clay minerals is the SiO^ tetrahedron
with a silicon atom located in the center of four corners of
oxygen atoms.  The oxygen atoms are connected to aluminum,
iron or magnesium ions predominantly in one of two forms.
Type I clays (e.g. Kaolinite) are linked by three of the
four corners to form a hexagonal platelet in which the
oxygen atom tips all point in the identical direction.  The
clay sheets are connected by weak hydrogen bonds.  This clay
form is also identified as a two layer type clay because of
the 1:1 ratio of Si02 to AI2O3.  Type II clays (e.g.
Illite, Bentonite) consist of an octahedral layer of two
sheets of closely packed oxygen atoms or hydroxyl ions with
the metal cations located in octahedral coordination.  This
2:1 ratio of Si02 to AI2O3 is considered a three layer type
clay (Bitton, 1980).  Three layer type clays are further
defined as expanded (e.g. Montmorillonite, Bentonite) and
non expanding (e.g. Illite) clays.  Expanded clays have
water molecules between the clay sheets that increase the
surface area; non expanded clays do not.  Bitton states that
expanding three layer clays are better adsorbents then non
expanding three layer (e.g. Illite) or two layer (e.g.
Kaolinite) clays (Bitton, 1980).
Clay charge is dependent upon suspending solution pH
(Young and Sharp, 1985; Moore et al., 1981 and Bitton,
1980a).  At a particular pH, clay surface charge is a net of
zero.  This pH is defined as the isoelectric point (pl).  No
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one clay is a model for all clay pis (Gerba, 1984).  Just as
the pi varies among clay types, the pi also varies among
virus types and strains (Goyal and Gerba, 1979).  The
general trend is lower pH (less than 7) greater virus-clay
adsorption; greater pH (above 7) less adsorption to clay
particles (Gerba, 1984; Bitton, 1980b).  Taylor et al.
(1981) has shown there is a critical pH where the virus and
soil go from strong to weak uptake.  These transition pH
values are typically nearest the unique virus type and soil
type isoelectric points.
Gerba (1980) states that pH is the major variable
determining virus adsorption to soils.  Reduction of pH
(increase of protons) leads to increasing reduction of the
double layer repulsion between clays and viruses.  Research
by Moore et al. (1981) and Taylor et al. (1981) on
poliovirus adsorption to minerals, soils and clays indicated
that as pH increased, poliovirus adsorption was reduced.
However, different substrates effected adsorption
efficiency.  The authors explained the repulsion as an
increase of double layer repulsion forces that inhibit van
der Waals attractions.  Research by Sobsey et al. (1980)
also supports virus adsorption as being pH-dependent and
that soil type is important to the efficiency of adsorption.
Research (Moore et al.,1981; Sobsey et al.,1980; Turk
et al., 1980; Moore et al., 1975; Carlson et al.,1968) has
shown that an increase in cation concentration also
increases soil-viral adsorption and clay-viral adsorption.
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Conversely, a decrease in cation concentration (e.g.
rainwater or deionized water) leads to increased elution of
enteroviruses from inorganic solids (Bitton, 1980b; Melnick
and Gerba, 1980; Sobsey et al., 1980).  Bitton (1980a)
states that this behavior is also virus strain and type
dependent.
Moore et al. (1981) report that virus adsorptions by
clays and soils usually reaches an equilibrium in 10 to 60
minutes.  Sobsey et al. (1980) support Moore with studies
involving poliovirus 1 and reovirus 3.  They report
equilibrium was generally achieved in 15 minutes.  Carlson
(19 68) reports coliphage T2 and poliovirus 1 achieved 90
percent of maximum virus adsorption to Kaolinite,
Montmorillonite 23 and Illite 35 during the initial 5
minutes of contact time.  Maximum adsorption was at
approximately 15 minutes.  The adsorption process was
reversible.
Research indicates that pure clays and soils rich in
clays are more adsorptive than sands and soils with lower
percentage clays.  Bitton (1980b) cites studies on T2 phage
by Gerba and Schaiberger.  T2 adsorbed between 43 and 91
percent on clay compared to 0 to 9 percent on sand.  Moore
et al. (1981) reported on poliovirus adsorption by 34
minerals, soils and clays.  Their research showed a strong
correlation between increased virus adsorption and lack of
organic content in the experimental materials.  Mulch and
Genesee silt loam were the least adsorptive.  The authors
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also showed a strong correlation between available negative
substrate surface charge and viral adsorption.  The greater
the negative charge the less virus adsorbed to substrate
surface.  It is interesting to note that 32 of the 34 soils
tested adsorbed greater that 91.5 percent of the available
poliovirus.  Sobsey et al. (1980) found that Bentonite and
Kaolinite clays adsorbed more poliovirus and reovirus than
Lakeland and Fripp sand.  Both clays and sands had less than
1 percent organic material in their makeup.
Natural river clays and soils have shown similar viral
adsorption properties and behavior compared to pure clay
minerals.  Carlson et al. (1968) reported that river clays
increased viral adsorption with increased cation
concentration.  Ninety percent of maximum adsorption
occurred during the initial five minutes of contact and
adsorption was reversible.  The Safe Drinking Water
Committee (1977) reported that Berg found viruses more often
in silt filtered from river water than from river water
itself.  It was suggested that the efficiency of recovery
was less from silt than water because more virus were
adsorbed to silt than suspended in the water.
Lund and Nissen (1986) reported that bentonite clay is
used by Sudanese to disinfect Nile River water.  Their
research showed that if proper flocculation occurred, 3 to 4
logiQ units of virus would be removed from river water.
Schaub and Sagik (1975) suggest that water quality
effects viral adsorption to clay and the adsorption time.
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They found viruses adsorbed to clay particles more rapidly
in wastewater (primary sewage effluents) than in tap water.
Hurst et al. (1980a) determined that the sludge layer and
upper soil layer of a rapid infiltration basin contained
large concentrations of enteroviruses.  In Bitton's review
of virus adsorption (1980b), Duff is cited as finding 25 to
75 percent of viruses attached to solids in wastewater.
Wellings et al. are quoted as finding 68 to 90 percent of
bound viruses in effluent and influent taken from a Florida
package treatment plant.
A. 1.2.3. Organic Solids in Water
As stated previously, it is not representative of
natural conditions to separate inorganic and organic
components in natural waters.  For example, in instances
where inorganic particles are coated with organic fractions,
the predominate effect will be from organic constituents
(Safe Drinking Water Committee, 1977).  Most of this organic
material is known as humus.  Humus constitutes greater than
80 percent, by weight, of all organic material in natural
waters and makes up a significant portion of the total
organic carbon (TOC) content of natural waters (Black and
Christman, 1963).
Historically, humus is divided into three fractions:
humic acid, fulvic acid and humin.  Physical complexity and
resistance to degradation increases from fulvic acids to
humic acids to humin. The fractions are divided according to
pH solubility, molecular weight and their chemical makeup.
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Humic acids are soluble in strong bases.  The
predominate humic acid fractions have molecular weights of
several thousand and may be aggregated in solution.  The
degree of aggregation or association is pH and concentration
dependent.  In low concentrations the acids are dissociated.
Humic acids are primarily composed of polycarboxylic
aromatic acidic and aliphatic groups.  They may also contain
phenolic and quinoid groups (S.D.W.C., 1977).
Fulvic acids are soluble in both acidic and basic
solutions.  Fulvic acids are believed to be the predominate
fraction of humus and impart yellowish-brown colors to
waters.  Fulvic acids are similar in structure to humic
acids but of lower molecular weights.  The fulvic fractions
may also contain compound groups such as protein,
polysaccharides and aminosugars (Bitton, 1980; S.D.W.C.,
1977).
Kononova has suggested that humin is humic acids bound
to mineral constituents in soil.  He was able to dissolve
the organic fraction in a strong basic solution by repeated
alternate strong acid, base washings (S.D.W.C., 1977).
Humus components are thought to arise from organic debris
(predominantly vegatative) incompletely degraded by
microfauna and flora.  Either anaerobic or aerobic
conditions can lead to humus formation.
At the pH of most natural waters (4.5 to 9.5), the
functional groups comprising humus impart a low dielectric
nature and a predominantly negative surface charge.  These
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properties allow humic and fulvic acids to effect
enterovirus adsorption to and elution from both organic and
inorganic solids.  Gerba (1984) states that humus adsorption
effects are caused primarily by organic acid functional
groups, not molecular weights.  Metcalf and Eddy, list three
general organic polyelectrolyte adsorption processes.
Because enteroviruses are negatively charged, humic and
fulvic acids may act as a coagulant by lowering the capsid
charge.  Secondly, humic and fulvic acids may act as an
interparticle bridge by adsorbing particles along the
molecule.  This process can be further extended by particle
chains attaching among themselves.  The third process is a
combination of the other two processes.  The virus charge is
both lowered and particle bridges are formed (Metcalf and
Eddy, 1979).  The Safe Drinking Water Committee (1977) cites
Khan and Schnitzer as proposing humic acids may also act as
a "molecular sieve" by trapping virus particles in a three
dimensional matrix.  It is probable that all these forces
interact in unique ways depending upon virus type, pH and
organic acid and soil composition.
A.1.2.4. Inorganic and Organic Colloid Interactions
Humus soil components effect inorganic soil components
both ionically (surface charge) and physically (surface
structure, texture, aeration and water holding capacity)
(Bitton, 1980; Greenland, 1971). Adsorption mechanisms
between clays and organic acids have been described by
Greenland (1971) as hydrogen bonding, London dispersion
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forces (e.g. non-polar van der Waals forces), columbic
interactions, ion-dipole and coordination interactions,  and
entropy effects.
As described previously, humic and fulvic acids are
generally anionic polymeric colloids either dissolved,
suspended in solution or attached to solids.  Clays are
predominantly colloidal platelets of aluminosilicates with
polyvalent metal ions dispersed throughout.  Theoretically,
organic anions are repelled by negatively charged clay
material.  However, most evidence indicates that iron and
aluminum oxides are the primary groups involved in organic
adsorption to expanding lattice type clays.  At lower pH
values, isomorphic substitution and ion exchange may allow
polyvalent ions (e.g. iron, magnesium, aluminum) to form a
cation bridge between inorganic soil and organic colloid
surfaces.  Cation exchange capacities of humic materials
may reach 200 meq/100 g soil to greater than 500 meq/100 g
soil (S.W.D.C.,1977; Bitton, 1980).  Polyhydrous oxide
complexes are readily formed by iron and aluminum ions at
clay surfaces.  The negative charge and the complex makeup
of the humic material will allow interaction with inorganic
colloid surface charges.  This interaction presumably allows
reduction of double layer forces and adsorption to the
inorganic substrate.
Research suggests that humic and fulvic acids may
compete with viral adsorption to inorganic solids.  Sobsey
and Hickey (1985) reported that poliovirus type 1 recoveries
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were reduced on Virosorb 1 MDS filters in the presence of
humic and fulvic acids.  They explained the reduction by
interactions and possible virus-acid complexing.  Bixby and
O'Brien (1979), using bacteriophage (MS-2) and fulvic acid,
demonstrated that the acid could block adsorption sites on
soils.  They also determined that fulvic acids could complex
with MS--2 and that decomplexation would occur under certain
circumstances.  The viruses were reported to be viable after
decomplexation occurred.  Gerba (1984) reported that humic
materials reduced poliovirus adsorption to magnetite.
Taylor et al. (1981) and Moore et al. (1981) found that
soils with the greatest organic material content were poorer
absorbents of poliovirus and reovirus.  Sobsey et al. (1980)
reported that poliovirus adsorbed less to Ponzer muck than
to clays.
Laboratory experiments using water with seeded
poliovirus showed less adsorption to sandy soils from humic
colored water (420-750 color units) than from tap water.
Approximately 80 percent of the virus in a highly colored
water (2000 color units) passed through sandy soil columns.
After treating the leachate with activated carbon to remove
the color, virus adsorption increased in the soil columns
(Bitton, 1980).
Viral adsorption to soils in the presence of sewage
wastewaters appears to increase.  Bitton (1980) reports that
poliovirus suspended in activated sludge effluent was
retained by soil columns.  After 20 core volumes of
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rainwater were filtered through the coluions only 0.008
percent virus was detected in the leachate.  Bitton states
that activated sludge effluent can have a conductivity of
500-700 umhos/cm.  Lance and Gerba (1984) observed that
poliovirus 1 suspended in sewage effluent adsorbed more
readily to solid substrate than poliovirus in deionized
water.  They proposed that greater adsorption is related to
greater ionic strength of the suspending solution.  They
also reported viral elution was decreased in the presence of
dissolved organic compounds in the solution.
A.1.3. Virus Type
Environmental factors exert pressure to select viral
strains that are more successful at surviving outside their
host to ultimately reach another host and reproduce.
Thurman and Gerba (1988) state that poliovirus evolves at a
rate of approximately 2 RNA bases per week.  They point out
that at this rate it would be possible for poliovirus to be
completely transformed in as little as 71 years.  Whether
this actually would occur is not known, but different
conformations of virus strains are known to exist.  Often
these different conformational groups have different
isoelectric points (Thurman and Gerba, 1988).  Isolated
enterovirus epidemics could lead to genetic shifts.
Hurst et al. (1980b) found that in 9 soil types
inactivation of MS-2 phage, T2 phage and poliovirus 1
varied.  The only consistent result was that MS-2 decayed
most quickly.  In one experiment, seven different viruses
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(coxsackie A9, coxsackie B3, echo 1, polio 1, T2, MS-2 and
rotavirus SA-11) in FM soil decayed by 3 logs or less at
varying times between 3 and 30 days.
Yates et al. (1985) reported on inactivation rates of
poliovirus 1, echovirus 1 and MS-2 coliphage in 11
groundwater samples from the United States.  The rates
varied for different viruses in different waters. They
reported that the only significant factor effecting virus
survival was water temperature.  They also reported that MS-
2 inactivation rates were equal to or less than the
enteroviruses in most of the waters tested and that
statistically there was no significant correlation between
decay rate and virus type tested.  They suggest using MS-2
as a model for enterovirus behavior in groundwater.
Hauchman et al. (unpublished), in studies performed at
University of North Carolina, determined hepatitis A virus,
poliovirus 1 and echovirus 1 survival in groundwater,
secondary and primary effluents and saturated soil
suspensions under both sterile and non sterile conditions.
At 25° C in soil free groundwater, secondary effluent and
primary effluent, HAV survived longer than the polio or
echovirus.  The same results were observed in soils
saturated with groundwater, secondary and primary effluents.
Temperature and microbial activity appeared to effect HAV
less than polio and echo under these conditions.
Experiments reported by Cliver and Herrmann (1972) on
protease inactivation of eight viruses support viral strain
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differences leading to variances in enterovirus survival.
The enteroviruses (polio 1, 2 and 3 and coxsackievirus A-7,
A9, Bl, B2 and B3) were subjected to conditions of pronase
and trypsin for two hours at 37° C.  Coxsackie A-9 was the
most sensitive to the enzymes tested being inactivated
greater than 2.5 logs by trypsin and greater than 3 logs by
pronase.  Coxsackie A-7 and B2 were inactivated by pronase
greater tan 1 log reduction.  Trypsin, except for coxsackie
A-9, had little or no effect on the viruses.  Pronase had no
effect on poliovirus 2 and 3 and coxsackievirus Bl and B3.
Poliovirus 1 was inactivated six percent by pronase.
As discused previously, isoelectric points are
different for different viral strains and types (Gerba,
1984).  The interactions between virus particles and
environmental components lead to different behavior and
survival rates.  Adsorption, aggregation and consequently,
survival are directly and indirectly effected by virus type
and hydrogen ion concentration.
A.1.4. pH Effects
Generally, ion concentration effects virus survival.
Specifically, hydrogen ion concentration effect virus
survival through direct (aggregation, adsorption, virus
capsid conformational form and capsid susceptibility) and
indirect effects (metal and other ion concentrations and
species, turbidity and light protection, protection by
adsorption surface [both physically and by organic enzyme
adsorption]).  Viruses either adsorb to themselves or to
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other colloids creating a viral (physio-chemical) protective
complex.
As discussed above, adsorption and viral aggregation
are pH dependent.  The general trend is the greater the pH
the less enterovirus adsorption (Hurst, Gerba, Cech, 1980b;
Melnick and Gerba, 1983; Bitton, 1980a; etc.)  Research has
shown that virus adsorbed to inorganic and organic particles
have a greater tendency towards capsid stability (Melnick
and Gerba, 1983).  Young and Sharp (1977) report the natural
state for poliovirus in fresh waters is aggregation.
Indirectly, pH-mediated adsorption and aggregation can
lead to increased virus survival through UV protection and
increased turbidity (light attenuation) (Bitton, 1980b).
Gerba (1984) reported research that revealed enteroviruses
were protected from ribonuclease degradation by clay
absorption of the enzyme.  Alternatively, increased pH can
cause metals to precipitate out of solution attaching to
virus or solids associated with the virus leading to
inactivation.
Salo and Cliver (1976) and Sattar (1981) note that
enteroviruses are acid stabile and have adapted to the
alimentary tract (pH usually less than 3).  Young and Sharp
(1985) also report that enteroviruses can have unique pH
dependent conformational forms.  Their research shows that
echovirus has at least two different conformational forms
and that the forms are different in infectivity and in
sensitivity to chlorine disinfection.  Salo and Cliver
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(1976) report that enterovirus inactivation mechanisms are
different at different pH values.  They state that at an
alkaline pH greater than 8, capsid dissociation occurs.
High-pH lime wastewater treatment processes are used to
inactivate picornavirus (Sattar,1981).
A.2. Environmental Fate of Enteroviruses
Increased virus transport and/or increased virus
persistence can be a direct consequence of virus adsorption
to clay and solid surfaces.  Once viruses are introduced
into an environment they may remain where deposited or they
may be transported vertically and/or laterally.  As
discussed previously, adsorption processes maybe reversible,
consequently, viruses can be transported either freely or in
a sorbed state.  The adsorption-elution processes may be
repeated countless times through identical or through
different stimuli (e.g. salt concentration, pH, soil
composition, virus aggregation, etc.).  Each occurrence
could transport the viruses further (Gerba, 1984; Sattar,
1981; Bitton, 1980b).  Larger particles (and viruses
associated with particles) settle faster than smaller
particles (Stoke's Law).  Consequently, increased water
velocity or disturbances (e.g. wave actions, dredging
operations, snow and water runoff, increased rainfall, etc.)
may resuspend free and solid associated viruses (Bitton,
1980b).  It should be noted, that finer sized clay particles
are more easily suspended in water and are usually more
adsorptive than larger soil and sand particles (Bitton,
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1980b).  Gerba states that repeated wastewater applications
on land, along with repeated adsorption-elution cycles could
result in a phenomenon whereby a concentrated plug of
viruses could be eluted during a rainfall (Gerba, 1984).
Melnick and Gerba (Rao and Melnick, 1986) list factors that
contribute to viral migration in surface and ground waters.
These include sewage treatment plant and septic tank
effluents, sewer line leakage, sludge disposal and leachate,
water reuse for irrigation, injection wells, soil faults and
channelization.
Block (1983) has cited examples of virus transport.
Enteroviruses were detected in a ship channel up to 13
kilometers away from their source.  Dahling and Safferman
are cited as detecting viruses 317 kilometers from their
suspected source.  Dahling and Safferman also reported that
30 percent of the viruses were detected 300 kilometers away
their suspected source after 7.1 days of transport.  HAV has
been detected in ground waters.  Rao and Melnick (1986)
report that Hejkal, Gerba, Melnick et al. detected HAV,
Cocksackie B2 and B3 antigen in well water in Georgetown,
Texas in June, 1980.  Sobsey et al. (1986) recovered
virulent HAV from contaminated water and from four
groundwater wells at St. Martin's Crossroads, Maryland in
1984.  Other reports of active virus recovery include polio
1, echo 27 and 29 isolated from a 95 foot deep well in
Maryland and polio 2 recovery from a well in Michigan (Rao
and Melnick, 1986).
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B. Disinfection
Disinfection is the process whereby disease causing
organisms are removed or inactivated thereby preventing
disease transmission.  Historically, chlorine has been used
as the primary method to disinfect drinking water
distributed in developed communities and cities in the
United States.  The controlled nature of the water treatment
processes and the distribution systems has allowed processes
employing free chlorine as a drinking water disinfectant to
function well and usually prevent disease transmission in
systems where integrity is maintained and combined chlorine
is kept to a minimum.
B.l. Halogen Disinfection Efficiency
The Safe Drinking Water Committee (1980), reviewed
factors that effect viral inactivation efficacy during
disinfection.  They include:  water quality, pH, temperature
and organic and inorganic constituents; viral type,
concentration and aggregation state; laboratory organisms
versus "naturally occurring" organisms; physical and
chemical water treatment processes; disinfectant
application; disinfectant demand and chemical reactions;
disinfectant concentration and residual. The inability to
control these factors often caused early disinfection
experiments (before 1945) to produce unsubstantiated or
inaccurate data (Wolfe et al., 1984).
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Many of the same factors that.effect enterovirus
survival in the environment also effect disinfection
efficacy (Chang, 1971).  The explanations for increased
viral persistence during disinfection are based upon the
previously discussed environmental effects and will not be
discussed here.
The halogens associated with water disinfection are
chlorine, bromine and iodine; their atomic weights are
35.45, 79.90 and 126.90, respectively.  In aqueous halogen
solutions, water pH, temperature and ionic strength
determine the free halogen species present and their
relative concentrations (Chang, 1971; Hoehn, 1976; Snoeyink
and Jenkins,1980).  The halogen species present effect
disinfection efficacy.  In aqueous solution, without
nitrogenous containing compounds, the predominate halogen
(represented by X) species that are active disinfectants,
are the elemental form (X2), the hypohalous acid (HOX) and
the hypohalite ion (OX") (Chang, 1971).  Under aqueous
conditions, the elemental form will undergo hydrolysis and
form the hypohalous acid.  The general hydrolysis equation
is represented as:  X2 + H2O <=> HOX + H"*" + X~.
Hypochlorous (pK^ at 25°C = 7.5), hypobromous (pK^ at 25°C =
8.4) and hypoiodous (pK^ at 25°C =9.5) acids are relatively
weak acids with their strength decreasing, respectively
(Snoeyink and Jenkins, 1980).  Hypohalous acid ionization is
represented by the equation:  HOX <=> X"^ + 0X~.  Under water
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conditions between pH 4.5 and 9.5 and temperature around
25°C, water without nitrogenous compounds will not contain
elemental chlorine (CI2)•  Hypochlorous acid (HOCl) will
predominate below pH 7.5 while hypochlorite (0C1~) ion will
predominate above pH 7.5.  Under the above conditions,
elemental bromine (Br2) will predominate below pH 4.1;
hypobromous acid (HOBr) will predominate between pH 4.1 and
8.4 ; above pH 8.4 hypobromite (OBr~) ion will predominate.
Under the above conditions, iodine will be primarily in the
elemental (I2) form below pH 8; between pH 8 and 12
hypoiodous acid (HOI) will predominate.  lodite ion (0I~) is
not important as a disinfectant species because dissociation
occurs at a pH (above 12) not normally encountered in
natural waters  (Snoeyink and Jenkins, 1980; S.D.W.C.,
1980).
Water components may react with halogens causing other
chemical reactions as well as exerting halogen demand which
can reduce disinfection efficacy.  Snoeyink and Jenkins
(1980) discuss the four types of halogen demand reactions
that can occur.  They are (1) reactions that are promoted by
sunlight, (2) reactions that occur with inorganic compounds,
(3) reactions that occur with organic compounds and (4)
reactions that occur with inorganic ammonia.  Oxidation
reactions account for most of the halogen demand in natural
waters.  Aqueous halogen solutions are not stable when
exposed to sunlight.  Ultraviolet radiation introduces
energy that promotes the breakdown of the halogen into
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halite ions.  It is a significant halogen demand in waters
exposed to sunlight.
Most research on inorganic reactions with halogens has
been on chlorine.  Chlorine is used to oxidize Fe(II),
Mn(II) and S(-II) in groundwaters.  Reactions between
chlorine and reduced inorganic compounds usually are rapid.
All of the reduced inorganic ions will be oxidized before
chlorine residual will be detectable.  Other inorganics also
effect halogen microbial interaction and consequently reduce
disinfection efficacy.  Kuzminski, Feng and Liu (1970)
reported that E.   coli  survival increased under conditions of
pH 5.0 and 7.0, with water temperature less than 3°C and
CaC03 (calcium carbonate) concentrations of 600 mg/L for
both chlorine and bromine disinfection experiments.  They
hypothesized that reduced bacteria inactivation could have
been caused by Ca"*" ions physiochemically blocking halogen-
cell interactions or E.   coli  clumping caused by the CaC03.
Organic compounds (living, dead and dissolved material)
will interact with halogens forming complex halo-organic
compounds of weak disinfection power and or exerting halogen
demand (Gottardi,1983; S.D.W.C., 1980; Snoeyink and Jenkins,
1980).  Gottardi (1971) states that chlorine reacts with
organic compounds about three times faster than iodine and
that bromine reacts with organic compounds about 4 times
faster than iodine, under similar conditions.  The halogens
react with many organic nitrogen compounds forming organic
amines.  Snoeyink and Jenkins (1980) suggest that speed of
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the reactions are dependent upon the base strength of the
amines.  These haloamines may function as a weak oxidant
many times less powerful than the free halogen species but
will also exert a demand on halogen disinfection capability.
Chlorine and bromine readily substitute to phenolic groups.
These reactions are pH dependent, therefore species and
concentrations formed are pH and temperature dependent
(S.D.W.C., 1980; Snoeyink and Jenkins, 1980).
Quails and Johnson (1983) researched fulvic acid free
chlorine consumption in natural waters.  In many natural
waters humic substances may represent the major non-
nitrogenous chlorine demand.  Their research revealed that
halo-humic reactions typically form a curvilinear halogen
consumption response.  They were able to model fulvic acid
chlorine consumption by two discrete second order reactions.
The first reaction occurred from zero to thirty seconds of
chlorine contact.  Data plotted from this reaction generally
showed a curved downward trend and was called a "fast"
reaction.  The second reaction occurred from thirty to three
hundred seconds and was called a "slow" reaction.  Data
plotted from the second reaction generally showed a slight
downward trend.  Dissolved organic carbon concentrations
that were approximately equal, consximed free residual
chlorine in approximately equal amounts both during the
initial "fast" reaction and during the second "slow"
reaction.  Chlorine consumption changed little between pH
6.5 and 8.0.  They suggest that the additive terms of their
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model may be used to predict short term fulvic acid
consumption of free chlorine.
The halogen demand created by ammonia is different from
other inorganic halogen demand reactions (Snoeyink and
Jenkins, 1980).  Chlorine and Bromine will react with
ammonia stepwise to produce halogenated ammonia compounds
called chloramines and bromamines.  The reaction products
vary with pH, temperature, halogen concentration, ammonia
concentration and reaction time (Snoeyink and Jenkins, 1980;
S.D.W.C., 1980).  Iodine does not react with ammonia to
produce iodamines (Gottardi, 1983).
For chlorine, monochloramine (NH2CI) is the predominate
chloramine formed at pH greater than 8 and molar ratio of
hypochlorous acid to ammonia is 1:1 or less.  Monochloramine
production is optimized in a pH range of 7 to 8 and a
chlorine to ammonia ration 5:1 (weight) or less.  Below pH 7
to around pH 4.5 with higher chlorine to ammonia ratios
dichloramine (NHClj) is favored; below pH 4.5 trichloramine
or nitrogen trichloride (NCI3) is formed (S.D.W.C., 1980).
Chloramines are stable and are capable of virus inactivation
but are many times less powerful than hypochlorous acid or
hypochlorite ion.
Bromine and ammonia undergo similar reactions to
chlorine and ammonia in an aqueous media,  inorganic
bromamines, unlike inorganic chloramines, are labile and
easily convert between species. For this reason bromamine
species distribution are equilibrium controlled. Bromamines
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also decompose rapidly into nitrogen gas and bromide
(S.D.W.C, 1980).  Bromamines are also capable of virus
inactivation but as with chloramines are less powerful than
free bromine species.
Iodine's inability to react in any appreciable way with
inorganic ammonia and fonti stable iodamines as well as its
much slower reaction rates with proteins eliminates the
major sources of halogen demand that effect chlorine and
bromine (Gottardi,1983).  For these reasons, in waters of
poor quality more free iodine species are available for
pathogen inactivation.
Feng (1966; S.D.W.C, 1980) proposes that active
chlorine disinfectant species should be listed in descending
order of strength:
Cl2> H0C1> 0C1"> NHCl2> NH2C1> R-NHCl.
Research cited in Drinking Water and Health (S.D.W.C.,1980)
generally supports this generalization.  Free and combined
bromine species show similar trends in disinfectant
efficacy.  As with any generalization there are deviations
from the trend, not the least of which are specific pathogen
sensitivities.
Halogen inactivation of enteroviruses are based upon
one of three mechanisms. They are:  (1) capsid structure
alteration, thereby preventing host cell attachment; (2)
nucleic acid alteration, preventing virus replication by the
host cell; or (3) both mechanisms functioning together.  As
early as Chick (1908) and Watson (1908) there has been
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discussion over which of these mechanisms is the most
appropriate and how they operate.  Chick described
disinfection as a first order chemical reaction, Watson
described the multi-hit theory of disinfection.  Chang
(1971) presented an overview of disinfection research to
1971 and discussed the importance of virus aggregation in
disinfection data.  He stated that nucleic acid denaturation
involves more energy than destruction of sulfa-hydral groups
and that research indicated capsid inactivation is a direct
process.  Chang stated that survival data other than
exponential reduction is dependent upon aggregation size.
Recently, Thurman and Gerba (1988) reviewed
disinfection research on viral inactivation. They pointed
out the importance of the disinfectant type in determining
the mechanism of inactivation.  Thurman and Gerba cite
research by Young and Sharp (1985) that chlorine alters
poliovirus capsid conformation.  It is not known if these
capsid changes are permanent, but they do alter the virus
infection efficacy.  Research was also cited that chlorine
and chlorine dioxide will react with viral nucleotides under
specific conditions (Dennis, 1979; Dennis et al., 1979).
These contrasting research finding were explained by a
report by Alverez and O'Brien (1982) that chlorine
inactivation is dose related.  They reported that chlorine
concentrations less than 0.8 mg/L affect the virus capsid;
concentrations greater than 0.8 mg/L reportedly release
viral nucleic acids from the capsid and destroy nucleic acid
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integrity.  Likewise, research on bromine indicated that
lower concentrations react with viral capsid protein
(Keswick et al., 1981) while higher bromine concentrations
(greater than 15 mg/L) and bromine chloride will react with
nucleic acids (Oliveri et al.,1971).  Taylor and Butler
(1982) determined that iodine disrupts viral capsid
integrity.  It is worth noting that in research where the
virus capsid is inactivated but the RNA remains infective,
complementation of damaged viral material may allow
infection to occur (Sharp, 1982).  This process is known as
multiplicity reactivation.  It is suggested that increased
aggregation (possibly from low ionic strength) increases the
chance of damaged viral components being incorporated into a
host cell and reactivating.  Thurman and Gerba point out the
necessity of complete viral component inactivation.
C. Hepatitis A and the U.S. Militarv
Diseases are not infrequent during war time.  War is
disruptive to organized society.  Potable water delivery and
human waste removal are two of the most important human
needs that are disrupted and two of the largest contributors
to disease transmission.  Malaria, respiratory infections,
gastroenteritis, acute diarrhea and hepatitis A are among
the most common diseases to have been encountered during
past military campaigns.  Hepatitis A is a problem of
particular importance because of the degree and length of
illness, the long recuperation period and because the
disease is both water and food borne (Bancroft and Lemon,
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1984).  American soldiers during World War II averaged
•Infectious Hepatitis' convalescence periods of 6 to 8
weeks.  American soldiers serving in Vietnam averaged
hospital stays of 46 days.  Hepatitis A cases are often
reported in multiple rather than individual cases and
resources required during recuperation can be extensive and
draining.  Gauld (1946) illustrated the seasonal and
regional nature of HAV during World War II.  As with most
enteric viral diseases, occurrence was greatest during late
summer and fall.
Bancroft and Lemon's (1984) overview of hepatitis A and
the military points to several important facts concerning
the special risk hepatitis A poses to vulnerable military
personnel.  Hepatitis will usually not spread until the unit
comes in contact with the contaminated area or personnel.
Once the disease is introduced into the unit it reaches high
incidence quickly.  Hepatitis control is limited under
emergency or war conditions.
Research performed by Neefe et al. (1945 and 1947)
revealed that water treated with chlorine was inadequate to
inactivate HAV in cases where free chlorine was not
obtained.  During the mid and late 1940's the only way to
test for HAV inactivation was to use fecal filtrates from
known hepatitis cases.  For this reason experimental samples
contained unoxidized organic constituents.  Samples that
were chlorinated sufficiently to inactivate bacterial
pathogens were not adequately treated to eliminate HAV.
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Coagulation, flocculation and filtration increased chlorine
effectiveness against the hepatitis virus.  The most
effective means of water treatment was coagulation,
flocculation, filtration followed by "superchlorination"
(approximately 15 mg/L).  Although this method was not
entirely dependable, the US Army adopted this treatment as
standard protocol until globaline was introduced (Bancroft
and Lemon, 1984).
Drinking water disinfection in undeveloped or disturbed
regions (e.g. emergency or war) is a unique problem and as a
consequence a different solution is demanded.  It follows
from the discussion above that some of the problems that
exist in field water disinfection are: little choice of
and/or ability to treat water source (no pretreatment or
coagulation to remove dissolved or solid inorganic and
organic contaminants).  This can lead to disinfectant demand
or disinfectant cross reactions which can reduce or
extinguish the disinfectant power.  Further disinfectant
efficiency reduction may be caused by solid contaminants
which can result in increased aggregation and consequent
pathogen protection both from physical and chemical
inactivation.
Considerations of the above factors led Fair, Chang and
Morris (1945) to list 10 characteristics of an ideal field
disinfectant as cited in O'Connor and Kapoor (1970).  These
characteristics deal with the importance of:  disinfectant
production ease, portability, ease of disinfectant use.
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dependability and predictability of the disinfectant and the
aesthetics of the treated water.  In addition, present
technology limits the use of indicator organisms as a method
for determining possible pathogen contamination of the water
source, therefore the disinfectant must be dependable in a
wide range of water quality.
D. Indicator Concept
Microbiological indicators are routinely used to
determine the presence of human fecal pollution and the
possibility of pathogenic organisms presence.  Geldrich
(1978)  lists characteristics of an ideal indicator.  The
list includes: 1) the indicator should be present in the
feces when the pathogen is present but in numbers greater
than the pathogen; 2) there should be a positive correlation
between fecal contamination of the water source and
indicator presence; 3) the survival and fate of the
indicator should have a known and constant relationship
between it and the pathogen; 4) the disinfectant process
should effect the indicator and pathogen by identical means
and at identical or predictable rates.  The fundamental
precept underlying the use of indicators is that there are
resource and time available to test for the surrogate.
Typically, because of the circumstances surrounding
emergency field water disinfection there is a lack of time
and resources available to determine if fecal indicators are
present in the field source water (O'Connor and Kapoor,
1970).  Berg and Metcalf (1978) also point out that the
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ratio of fecal indicator bacteria at water intakes is much
smaller than in sewage effluents and therefore the
likelihood that viruses would survive disinfection after the
indicator organism is eliminated is much greater for
drinking water than for sewage effluent if the indicator is
significantly more sensitive to the disinfectant than the
virus.
E. Iodine
In part because of the research discussed above,
research to develop a portable drinking water disinfectant
was undertaken by Chang et al. at Harvard during the 1940's.
This research lead to the development of globaline, an
iodine-based disinfectant, used to disinfect canteen waters
and other small volvime field water supplies.  Globaline is a
triiodide compound phosphate buffered to a slightly acidic
pH that releases approximately 8 mg/L iodine when dissolved
in water (Kapoor and O'Connor, 1970).
Iodine is the only solid halogen at room temperature.
It's melting point is at 113.5° C and boiling point is at
184.4° C.  If iodine is heated slowly, iodine has sufficient
room temperature vapor pressure to sublimate but is still
much less volatile than chlorine (Kinman, Black and Thomas,
1970) .  Iodine is the least soluble halogen J.n  water and is
the least reactive of the halogens to organic and inorganic
constituents in an agueous solution. Iodine also has the
lowest standard oxidation potential for the halogens
(Gottardi, 1983).
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Elemental iodine (I2) hydrolyzes in water to form
hypoiodous acid (HOI) and iodide ion (I~).  This reaction is
described:  Ij + H2O <==> HOI + H"^ + I".  The equilibrium
equation describing iodine hydrolysis in water is:
iHQIl_IHLLlIl" =     K}^
The equilibrium constant, Kj^,   is quoted in Chang (1958) as 9
X 10"^^ at 0° C, and 3 x 10"^"^ at 25° C.  The iodine
species present in water is dependent upon water pH, amount
of iodide present, organic material present, and water
temperature (Gottardi, 1983; S.D.W.C, 1980).  Chang (1958)
states that for all intents and purposes, all titrable
iodine exists in the diatomic state (I2) when the initial
concentration is less than or equal to 20 mg/L and pH is
less than or equal to 7.
Iodide is formed in elemental iodine hydrolysis and as
a product of the iodine reaction with organic materials.
Gottardi (1983) reports that iodide has no disinfecting
characteristics.  Research by Hsu (1964) and Hsu et al.
(1966) report that iodine inactivation properties are
inhibited by iodide ion formation at low pH (below pH 6) and
high organic materials.  Poliovirus and f2 phage
inactivation was inhibited under acid conditions.  Hsu et
al. (1966) suggest that the inhibition was caused by reduced
tyrosine iodination. Hsu (1966) mentions the tragedy of the
failure of iodine inactivation of the poliovirus vaccine and
attributes this failure to iodide formation.
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Hypoiodious acid disassociation constant (K^) at 25° C,
is 4.5 X lO"-'-'^.  Consequently a 10~'*M iodine concentration
at 25°C  should be 50 percent HOI and 50 percent 01" at
greater than 12 pH (Snoeyink and Jenkins, 1980).  However
the iodite ion (I0~) formed is of little biocidal
consequence because it is unstable and decomposes to iodide
(I") and iodate (103").  Gottardi (1981) reports that iodate
is formed extremely quickly in high pH waters (over pH 9).
He reports that at pH 9.5 , 0.03 M iodine is 3 0% transformed
into iodate in approximately one (1) minute.  Iodate
formation is dependent upon iodide concentration.  Iodine at
water disinfection concentrations (10~-^M) and pH greater
that 7, will form 100 percent iodate in less than one
minute.  Gottardi (1983) and Chang (1958) report that iodate
does not have biocidal characteristics.
Disinfection experiments are typically one of two
types:  halogen demand free or dynamic (reactive)
disinfection experiments.  Halogen demand free disinfection
experiments are run under conditions where no side reactions
interfere with the pathogen inactivation process.  In order
to prevent interferences, the halogen is introduced into a
demand free environment at the concentration desired and
then the pathogen is introduced into the aqueous solution.
In this way, any residual demand will have already reacted
and the halogen will only react with the microorganism.
Dynamic disinfection experiments are performed with the
pathogen introduced into the aqueous environment before the
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halogen is introduced.  In this way the disinfectant will
interact with the pathogen and any other constituents
present.  Dynamic disinfection more closely models the real
world.
Iodine use as a water disinfectant was recorded as
early as 1915 (Pond and Willard, 1937).  An early attempt at
disinfection quantification was reported in 1937 (Pond and
Willard).  They reported that 2 drops of 7 percent iodine
tincture per liter of "stream, brook or river" water at 17°
C for 15 minutes contact was sufficient to inactivate
between 4 logs anti 6 logs of E.   coli  and Eb.   typhosa,   except
in river water contaminated with organic matter.  The river
water with organic contaminants showed a three log (99.9%)
reduction.
Chang and Morris (1953) reported on iodine disinfection
experiments performed over a wide range of water pH,
temperature and organic color on various pathogenic
bacteria. Entamoeba histolytica  and poliovirus.
Inactivation experiments were performed on E.   coli,   Sal.
typhosa,  Sh.   dysenterae,  Sal.   schottmueller  and V. cholorea.
They used iodine concentrations of 7 to 8 p.p.m. at over 30
minutes of contact.  The bacteria were inactivated
effectively (greater than 5 log reduction) over a wide pH
range (4.5 to 10) and inorganic, organic and nitrogenous
contaminants usually after 10 minutes.  Reduced biocidal
activity was noted in low water temperature (2-3° C), high
organic color (60 to 90 p.p.m. organic color) and large
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amounts (165 to 245 p.p.m.) of loess or fine organic sands.
Chang and Morris suggested increasing iodine concentrations
to 14 to 16 p.p.m. and contact to 20 or more minutes to
allow for demand and reduced activity.  Iodine inactivation
data for E.   hitolytica  cysts revealed that in clean, warm
water with a pH less than 7.7, 3 0 cysts would be inactivated
in 10 minutes.  As with their bacteria experiments,
increased dosage and contact time was necessary for waters
of low temperature and greater than 4 p.p.m. demand.
Poliovirus inactivation experiments were inconclusive
because of virus quantification limitations of that time.
However, they reported data suggesting that iodine at pH 9
had virucidal characteristics, but also that iodine
inactivation was limited by demand from color.
Later experiments by Chang (1958) on coxsackie virus
under wider pH ranges, indicated that hypoiodous acid was
less cysticidal than elemental iodine but more virucidal.
From this and previous research, Chang suggests that
globaline tablets be buffered between pH 6 and 7 in order to
give a wide margin of safety for iodine•s cysticidal
activity and to minimize HOI instability and degradation.
He also suggests that the concentration be kept under 10
p.p.m. in order to maximize water palatability.
Berg et al. (1964) and Hsu (1964)  reported research on
the mechanism of iodine inactivation of viruses.  Berg,
Chang and Harris (1964) presented data on the devitalization
of coxsackie A9, polio 1 and echo 7 by elemental iodine at
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pH 6.  Devitalization was defined as inactivation of the
virus through capsid modification.  Their data showed that
virus inactivation was reduced by lower temperatures and
that echo 7 was more sensitive to devitalization than either
coxsackie A9 or polio 1 at 15° C.  They also investigated
the energy of activation between coxsackie A9 and I2, and
reported that the energy levels for the inactivation were
within the range required for a single chemical bond.  Their
explanation was that at pH 6, enterovirus devitalization
occurs as a first order reaction and that deviations from
this model are dependent upon either virus aggregation or
virus capsids containing a different number reactivity
sights required for devitalization.
Hsu et al. (1966) and Hsu (1964) reported that fj and
poliovirus 1 were inactivated by iodine but that ^2  ^^^
poliovirus RNA was not inactivated by iodine.  They reported
this as evidence that iodine inactivation occurs at the
capsid site.  Under acidic conditions (below pH 6) with
increased potassium iodide concentration, ±2  and poliovirus
iodine inactivation was reduced.  These conditions also lead
to reduced tyrosine substitution but did not effect
sulfhydryl oxidation.  This led the authors to the
conclusion that tyrosine is the site of iodine inactivation
for ±2  and poliovirus.
Cramer, Kawata and Kruse (1976) presented data that
corroborates the data presented by Hsu.  They investigated
disinfection of ±2  and poliovirus III, under conditions of
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iodine prereacted with autoclaved wastewater and dynamic
iodine reactions with autoclaved wastewater.  Under both
prereacted and dynamic conditions, at pH 4, aqueous iodine
(30 mg/L) inactivated less poliovirus III and f2 than at pH
6.  Under conditions of prereacted iodine at pH 10 no
inactivation occurred, while under conditions of dynamic
inactivation, iodine at pH 10 produced six logs of
inactivation for both viruses.  No titrable iodine was
present in the prereacted solutions at pH 10 and no
inactivation occurred.  Therefore conditions that favored
tyrosine and histidine reaction with iodine (increased pH)
increased the rate and the amount of enterovirus
inactivation.  Under conditions where the iodine is consumed
or degenerates into iodide or iodate, such as high organic
content and extreme pH ranges (4 and 10), inactivation is
inhibited.
Recent research (Alvarez and O'Brien, 1982 and Taylor
and Butler, 1982) have supported the thesis that iodine
inactivates enterovirus through capsid modification.  In
halogen demand free experiments at pH 10 poliovirus
inactivated by iodine (< 1 mg/L) was unable to bind with
HeLa cells as efficiently as unexposed poliovirus.  The
isoelectric point for the poliovirus capsid was irreversibly
shifted from pH 7.0 to pH 5.8 and the amount of polio capsid
adsorption to HeLa cells was correlated to amount of
inactivation occurring.  Poliovirus RNA released from the
virus during exposure to iodine (2.5 mg/L) at pH 10 ,
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sedimented at the same rate as unexposed poliovirus RNA,
suggesting that the polio RNA was not effected by the
iodine.  Finally, they reported that poliovirus inactivation
was greater at pH 10 than at pH 6 (Alverez and O'Brien,
1982).  Taylor and Butler (1982) found that iodine
inactivated poliovirus and f2 in greater amounts at pH 9,
than at pH 7 and pH 5 in HDF buffered solutions.  They also
found that ammonium chloride reduced fj inactivation by
iodine at pH 7.  They reported that poliovirus exposed to
large amounts of iodine (70 - 300 uM) revealed capsid
destruction under scanning electron microscopy (Taylor and
Butler, 1982).
More recently Farrah (1986) performed globaline
disinfection experiments on polio 1, coxsackie B5, echo 5
and bacteriophage MS2.  His data revealed that under HDF
conditions at temperatures of 15, 25 and 45 degrees C, the
virus were generally inactivated more rapidly under the
higher temperature conditions.  The one exception to this
trend was MS2 which showed slower inactivation at 25° C than
either 15 or 45° C.  No explanation was given for these
results.
Recent advances in HAV cultivation and quantification
allowed Oldham (1988) to research HAV inactivation by
globaline in demand free waters.  Along with HAV, echo 1 and
polio 1 were subjected to conditions of 5 and 25° C, pH 4.5,
7.0 and 9.5, and 1 and 2 tablets of globaline (approximately
8 and 16 mg/L).  The characteristic trends of increased
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inactivation rates by increasing temperature, increasing pH
and increasing concentration were found.  The one exception
to these trends was HAV at 5*^ C.  Reduced inactivation was
noted at 16 mg/L compared to 8 mg/L.  It was suggested that
talc or Bentonite clay used in the tablets as dispersant and
stabilizer could have been sufficient at two tablets to
allow HAV protection from the iodine.  It is worth noting
that HAV was more sensitive than echo 1 and polio 1 under
all conditions tested.  Further research by Oldham showed
that three different strains of HAV (HM-175, Cr-326 and MD-
1) reacted similarly to each other during inactivation at pH
4.5, 5° C with 8 mg/L iodine.  This data indicates that an
extensively passaged laboratory strain (HM-175) will exhibit
similar inactivation rates as less extensively passaged
strains genetically closer to wild type HAV (CR-326 and MD-
1).
Chang (1971) divided water-borne pathogens into four
groups based on cyto-structural basis.  They are bacterial
spores, protozoan cysts, enteric viruses and vegatative
bacteria.  These pathogen classes differ in sensitivity to
iodine.  Many of the same factors (desiccation protection,
decreased temperature, pH, physiochemical protection allowed
by dissolved and colloidal solids including pathogen
aggregates) that effect enterovirus survival in the
environment also effect parasitic cyst and bacteria in the
environment (Chang, 1971).  Research by Ellis and van Vree
(1989) reported on the use of iodine in turbid waters.  They
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reported that faecal coliform inactivation decreased with
increasing pH and increasing turbidity.  Generally, bacteria
are the most sensitive to iodine inactivation.  This is
apparently because of the complex metabolic processes that
are fundamental for bacterial life and the relative ease of
their disruption (S.D.W.C, 1980; Chang 1971).  As discussed
above, enterovirus sensitivity varies dependent upon water
quality, virus species and iodine concentration, but
generally enterovirus are more resistant to iodine
disinfection than are bacteria.  This is attributed to the
comparative simplicity of virus composition to bacteria
(S.D.W.C, 1980; Chang 1971).  Research on iodine
disinfection of protozoan cysts indicate that sensitivity
decreases with increased pH.  Generally, cysts are
considered more resistant to disinfection than either virus
or bacteria (S.D.W.C, 1980; Chang 1971).  Chang (1971)
reports that bacterial spores are the most inactivation
resistant pathogen.  Both cysts and spores evolved to resist
environmental extremes which helps to explain their relative
resistance to inactivation.
F. Summary
Early studies involving inactivation of hepatitis A
virus were performed in either poorly characterized waters
with unknown halogen demand qualities or under halogen
demand free conditions.  Early studies involving iodine
disinfection of drinking water were not comprehensive and
left unanswered questions concerning virucidal efficacy
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under extreme conditions.  Recent research has moved in the
direction of quantifying water quality and demand
characteristics.  The objective of the research presented in
this report is to model "real world" conditions in which
iodine inactivation of HAV and other enteroviruses would be
least favorable and under controlled and quantified
conditions.
III. MATERIALS AND METHODS
A. Worst Case Water;
Previous research (Oldham, 1988; Chang and Morris,
1953) has investigated enterovirus inactivation by iodine
and indicated that enterovirus inactivation is retarded
under conditions of increased iodine demand, decreased pH,
decreased water temperature and decreased iodine
concentration.  To test the extent of enterovirus
inactivation inhibition, extreme case or "worst case" waters
were designed to incorporate these conditions under a
controlled and quantified environment.  Worst case waters
were O.OIM phosphate buffer (at pH 4.5, 7.0 and 9.5)
containing 5 NTU Bentonite clay, 5 mg/L humic acid, 5 mg/L
fulvic acid at 5° C temperature and containing purified and
partially aggregated hepatitis A virus, poliovirus 1 and
echovirus 1.  The rationale was that these conditions would
be the "worst case" waters used for drinking water under
emergency conditions.
B. Echo and Polio Virus Preparation and Concentration;
Echovirus 1 (strain V239) and poliovirus 1 (strain LSc)
were grown and assayed on MA-104 and BGMK cell lines,
respectively.  MA-104 is a continuous cell derived from
primary Rhesus Monkey kidney cells; BGMK is a continuous
cell line derived from Green Monkey kidney cells.  For
48
initial growth, the virus was introduced at low multiplicity
of infection (0.1-0.01 plaque forming units per cell), into
an 850 cm roller bottle containing a newly confluent cell
monolayer of the respective cell line.  After a 1 hour
adsorption time at 37° C, approximately 35 ml. of
maintenance medium with components (see Appendix A) were
introduced per roller bottle.  Incubation was at 37° C until
4+ CPE (cytopathic effects) occurred; typically this was 3-4
days in MA-104 cells and 2-3 days in BGMK cells.
B.l. Echo and Polio Virus Stock Purification:
Roller bottles with 4+ CPE were frozen/thawed at -70° C
three times.  The cell layer was removed by swirling the
semi-thawed medium in the roller bottles.  The cell-medium
solution was removed from the roller bottles and the cell
debris was removed from the solution by centrifugation at
3,290 X G for 20 min., 5° C, using the HS-4 rotor in the
Sorvall RC-5B refrigerated superspeed centrifuge.  Virus was
pelleted from the supernatant by ultracentrifugation at
90,000 X G (25 k RPM), for 4 hours , 5° C, using the type 35
fixed angle rotor in the Beckman Model L5-40
ultracentrifuge.  The virus pellet was resuspended in -2 ml
of O.OIM halogen demand free (HDF) potassium phosphate
buffer (see: F. Buffer Preparation), pH 7.0-7.5.  After
rinsing the centrifuge tubes, the virus-PBS solution was
-15.0 ml.
The virus was further purified by isopycnic
(equilibrium) density gradient centrifugation in cesium
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chloride (CsCl).  The virus pellet-phosphate buffer solution
was mixed with 0.47g/ml CsCl (~15.0 ml virus-PBS = ~7.05g
CsCl).  The virus-salt solution (with 1.0 ml of mineral oil
layered on top) was centrifuged at 90,000 x G, 5° C, for at
least 72 h, in the SW 27.1 swinging bucket rotor in the
model L5-40 Beckman ultracentrifuge.  Fractions of 0.70 ml
were collected from the bottom of the gradient and assayed
for virus.  The 5 or 6 fractions containing the highest
PFU/ml (total at least 10^ PFU/ml) were pooled and desalted
using Centricon 30 ultrafilter tubes (Amicon, Inc.).
The desalted virus fractions (-1.0 ml) were layered
onto a 10% to 30% sucrose gradient (sucrose solutions were
made with HDF water in HDF containers) and centrifuged at
90,000 X G, 5° C, 5 hours, in the SW 27.1 swinging bucket
rotor in the model L5-40 Beckman ultracentrifuge.  Fractions
of 0.70 ml were collected from the top of the tube and
assayed for virus.  Fractions were stored at 5° C.  The
fraction titers were graphed as PFU/ml vs. fraction number.
The gradient profile allowed the visualization of fractions
containing purified, monodispersed virus particles and
aggregates, with light particles and single virions being
the lower fraction numbers and the progressively larger
virus aggregates being higher fraction numbers.
C. Hepatitis A Virus Preparation and Concentration;
The HM-175 (NIH Prototype) strain of hepatitis A virus
was assayed and grown in the FRhK-4 cell line. FRhK-4 is a
continuous cell line derived from fetal Rhesus Monkey kidney
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cells.  For initial growth a low MOI (0.1-0.03 RFU/ml) of
virus was introduced into 850 cm roller bottles with newly
confluent (> 94% confluence) cell monolayers.  After 1 h at
37° C, for virus adsorption, approximately 40 ml. of
maintenance medium with components (see Appendix A) was
introduced per roller bottle.  Incubation was at 37° C until
3+ CPE (5-6 days) occurred.
C.1. HAV Virus Stock Purification:
Roller bottles with 3+ CPE were frozen/thawed at -70° C
three times. The cell layer was removed by swirling the
semi-thawed medium in the roller bottle.  The cell lysate
was recovered and the cell debris was removed by
centrifugation at 3,290 x G, for 20 min, 5° C, using the HS-
4 rotor in the Sorvall RC-5B refrigerated superspeed
centrifuge.  Virus associated with the cell debris was
either further purified or used for other experiments.
Virus was recovered from the supernatant by
ultracentrifugation at 90,000 x G (25 k RPM), for 4 h, 5° C,
using the type 35 fixed angle rotor in the Beckman Model L5-
40 ultracentrifuge.  The virus pellet in each tube was
resuspended in ~2 ml O.OIM HDF potassium phosphate buffer
(see F. Buffer Preparation), pH 7.0-7.5.
The virus was further purified by isopycnic density
gradient centrifugation in CsCl. The protocol is as
described above for echovirus and poliovirus, except that
the assay for HAV titer is by Radio-Immuno Focus Assay
(RIFA) as described in section L.2.
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The highest titer fractions from the CsCl gradient were
desalted as described above, and the concentrated (~1.0 ml)
virus solution was layered onto the 10% to 30% sucrose
gradients and centrifuged as previously described.  The
fractions were assayed by the RIFA method and graphed as
above with the profile determining the virus aggregate size
per fraction.  Fractions were stored at 5° C.
D. Halogen Demand Free Water:
Halogen Demand Free (HDF) water was used in the
preparation of all reagents and the preparation of the
experimental test waters.  The HDF water was prepared by
passing twice deionized, activated carbon-filtered water
through a macroreticular scavenging resin bed (Dracor, Co.).
D.l. Halogen Demand Free Glassware;
All glassware used in experiments, reagent preparation, and
storage was made HDF by soaking in a glass container large
enough to completely cover the vessel with ~30 mg/L
chlorine solution for at least 4 h.  After soaking, the
glassware was rinsed six (6) times in HDF water, covered
with aluminum foil, and baked at 110° C for six (6) hours.
This process allowed the glass to dry and drive off any
remaining chlorine.  Glassware was stored in a dry, dust-
free environment until needed.  Aluminum foil was removed
just prior to use.
E. Virus Stock Preparation:
The virus stock used in the experiments was prepared
from the purified sucrose fractions of the three virus types
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(HAV, polio and echo).  Of the total titer amount of each
virus, single virus particles composed 8.1%, small
aggregates were 19.2%, medium aggregates were 38.8% and
large virus aggregates composed 34.0%.  Total titer for each
virus type was at least 1 x 10° particle per ml.  Virus
stock was stored at 5° C.
F. Buffer Preparation:
All buffers used in reagent preparation and experiments
were used at 0.0IM concentration and were HDF.
A concentrated stock (lOx = O.IM) solution of pH 4.5
buffer was prepared by mixing 6.80 g of KH2PO4 (potassium
phosphate, monobasic, anhydrous) with 500 ml of HDF water.
1 ml of ciorox bleach was added to the solution and allowed
to stand for 12 h in the dark.  The chlorine was removed by
subjecting the stirring solution to a U.V. lamp for 12 h.  A
1:10 dilution of the stock buffer was checked for the
correct pH and adjusted with NaOH and 112804^  The stock
buffer was stored at 5° C.
A concentrated stock (lOx = O.IM) solution of pH 9.5
buffer was prepared by mixing 8.70 g of Na2HP04 (sodium
phosphate, dibasic, anhydrous) with 500 ml of HDF water.
Clorox treatment, U.V. light exposure, pH adjustment and
storage of the stock solution were identical to pH 4.5
stock.
A working stock solution (Ix, 500 ml) of pH 7.0 buffer
was prepared by adding 20 ml of concentrated pH 4.5 buffer
to 30 ml of concentrated ph 9.5 buffer and bringing the
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volume to 500 ml with HDF water.  The pH was checked and
adjusted with NaOH and H2SO4 and the buffer was stored at 5°
C.
G. Iodine Tablets (Globaline; Tetraglycine Hydroperiodide):
Iodine tablets were supplied by the United States Army
from existing stocks.  Specifications of these globaline
tablets has been described previously (MIL-W-283G, 1979).
H. Bentonite Clav;
The Bentonite clay stock solution was prepared as
described by Sobsey and Cromeans (1985).  Two preparations
of 25 g of dry native Wyoming Bentonite clay and 500 ml of
HDF water were blended in a Sorvall Omnimixer at high speed
for 3 minutes and then combined.  The pH was adjusted to 9.0
with NaOH and H2SO4.  The clay solution was placed in 4, 250
ml centrifuge bottles and centrifuged in the Sorvall RC-5B
superspeed refrigerated centrifuge using the HS-4 rotor at
1000 RPM for 10 minutes.  The supernatant was dispensed into
4 more 250 ml centrifuge bottles and centrifuged at 3500 RPM
for four (4) minutes.  The supernatant was discarded and the
clay sediment in each bottle was resuspended in 200 ml of
HDF water (using a HDF stir bar).  The pH was adjusted to
9.0.  The resuspended clay solutions were centrifuged at
3500 RPM for four (4) minutes and the supernatants were
discarded.  The clay sediments were resuspended in 50 ml HDF
water, combined and adjusted to pH 9.0. The clay stock was
autoclaved at 121° C, at 21 PSI, for 18 minutes. The stock
was stored at 5° C until use.
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H.l. Bentonite Clay Working Stock Solution (50 NTU):
A separate working stock solution was prepared for each
test pH.  A 1:320 dilution of clay stock to HDF buffer of
the experimental pH was mixed in a HDF glass container by a
HDF stir bar for at least 15 minutes.  The working stock was
adjusted so that a 1:10 dilution of working stock to HDF
buffer (Ix of test pH) was in a range of 4.5 to 5.5 NTU and
+/- 0.05 pH unit of the test pH.  The working stock solution
was always tested on the day of the experiments just prior
to preparing the test samples.
I. Humic and Fulvic Acid:
Humic and fulvic solids were prepared by Sobsey and
Hickey (1985) and used in the preparation of the organic
acid stock solutions.
1.1. Stock Humic Acid Solution (50x: 500 mg/L):
A stock humic acid solution was prepared by mixing
0.025 g of humic solids and 40 ml HDF water.  Initially the
solids did not go into solution and the pH was elevated to
-11.0 to assist solids dissolution.  Volume was brought up
to 50 ml and then divided into aliquots of 5.0 ml.  These
aliquots were autoclaved at 121° C, 18 PSI for 20 minutes.
Stock solution aliquots were stored in the dark, at 5° C.
1.2. Stock Fulvic Acid Solution (50x: 500 mg/L):
A stock fulvic acid solution was prepared by mixing
0.025 g fulvic acid solids and 40 ml HDF water. Volume was
brought up to 50 ml and then divided into aliquots of 5.0
ml.  Aliquots were autoclaved at 121° C, 18 PSI for 20
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minutes.  Stock solution aliquots were stored in the dark,
at 5° C.
1.3. Working Stock Humic-Fulvic Acid Solution (5x: 50 mg/L):
For each test pH, a separate working stock of the
organic acid solution was prepared as follows.  2.5 ml of
stock humic acid and 2.5 ml of stock fulvic acid were
sterile filtered through a 0.2 ^m filter into a HDF amber
bottle containing 40 ml of HDF buffer at the test pH and a
HDF stir bar.  The working stock solution was adjusted so
that a 1:5 dilution of working stock to HDF buffer (Ix of
test pH) was in a range of 9.5 to 10.5 mg/L organic acid
concentration and +/- 0.05 pH units of the test pH.  The
concentration of the organic acid solution was determined by
UV absorbance at 254 nm wavelength.  The range of use was
.255 to .280 absorbance units, the target being .268
absorbance units.  Absorbance was related to concentration
as mg/L on the basis of a previously generated calibration
curve (see Appendix B).  The working stock solution was
always tested on the day of the experiments just prior to
preparing the test samples.
J. 1% Na2S203 (sodium thiosulphate) Quench Solution:
Experimental aliquots of 0.90 ml were removed from
controls and test samples during experiments and diluted 1:2
with a 1% Na2S203 solution.  This was done to quench the
iodine and prepare the aliquots for storage at 5° C prior to
virus assay.  The quench solution was prepared by combining
(IX) Eagle's MEM 100 ml
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sodium bicarbonate (7.5%)  1.5 ml
Hepes (1.5 M) 1.0 ml
GEN/KAN (lOOx) 2-10 ml
Nystatin (lOOx) 2-6 ml
and a 1:10 dilution of 10% Na2S203.
The solution was dispensed into sterile dilution tubes in
aliquots of 0.90 ml and frozen until needed.
K. Experimental Protocol;
These experiments were designed to allow observation of
iodine decay and enteric virus inactivation in control and
test samples at 5° C, over sixty (60) minutes.  Test waters
were O.OIM phosphate buffer containing 10 mg/L humic-fulvic
acid and 5 NTU of Bentonite clay at three specific pH levels
(4.5, 7.0, and 9.5) and two concentrations of iodine
(approximately 8 and 16 mg/Qt).
K.l. Experiment Preparation:
Five (5) water samples were prepared in HDF 50 ml glass
tubes with HDF stir bars for each experiment.  (1) Clean
Halogen Control:  14.00 ml HDF buffer (O.OIM) at the test
pH.  (2) Dirty Halogen Control (14.00 ml total):  9.50 ml
HDF buffer, 3.00 ml humic-fulvic acid working stock (50
mg/L), 1.50 ml Bentonite clay working stock (50 NTU).  (3)
Test Sample (12.50 ml total):  8.00 ml HDF buffer, 3.00 ml
humic-fulvic acid working stock, 1.50 ml Bentonite clay
working stock.  (4) Clean Virus Control:  1.80 ml HDF
buffer.  (5) Dirty Virus Control (1.80 ml total):  1.20 ml
HDF buffer, 0.40 ml humic-fulvic acid working stock, 0.20 ml
Bentonite clay working stock.  The solutions were
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equilibrated in a 5° C water bath for at least 15 minutes
out of direct light.
The working virus stock was prepared just prior to use
in the experiment by diluting the stock solution 1:10 using
0.2 0 ml virus stock to 1.80 ml HDF buffer at the test pH.
The working stock was equilibrated to 5° C until use in the
experiment.
A 15x iodine solution was prepared in a HDF glass flask
containing a HDF stir bar and 62.0 ml of HDF buffer at the
test pH.  It was protected from direct light and stationed
in an ice water bath.   One (1) globaline tablet was
introduced into the flask and mixed for 15 minutes.  For 16
mg/L experiments two (2) globaline tablets were used.  After
mixing, 1.0 ml of iodine solution was introduced into 14.0
ml of HDF buffer of the test pH, and the iodine
concentration was determined according to the N,N-Diethyl-p-
phenylenediamine (DPD) method (see Appendix C).  The
concentration was adjusted by adding more HDF buffer to the
15x concentrate or waiting and retesting the working stock.
The iodine-buffer solution was also used to determine pH and
the 15x working stock was adjusted with NaOH or H2SO4.  If
the 1:15 l2-buffer dilution was in the range of 7.5 to 8.5
mg/L (or 15.0 to 17.0 mg/L) of iodine and "*"/" 0.05 pH units
of the test pH, it was considered acceptable for
experimental use.
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K.2. Experimental Procedures (see Figure 1).
K.2.1. Iodine Control Samples;
Control and test sample solutions were maintained in a
5° C water bath during the experimental period except when
testing iodine concentrations and removing virus samples.  A
time was activated when 1.0 ml of the 15x Iodine solution
was introduced into the clean halogen control (CHC) sample.
Immediately, 4.0 ml of CHC solution was removed, mixed with
6.0 ml of HDF water (1:2.5 dilution) and the I2
concentration read according to the DPD method.  Next, 1.0
ml of the 15x Iodine was introduced into the dirty halogen
control (DHC) sample.  Time was noted and after 30 seconds
4.0 ml of DHC solution was removed, mixed with 6.0 ml of HDF
water and the I2 concentration was read as before.
Subsequent Ij concentration of the halogen controls were
read at 30 and 60 minutes relative to iodine introduction.
Bentonite clay and dissolved organic acids would affect
Worst Case Control and Test Sample absorbance readings
leading to erroneous iodine concentration values.  In order
to correct for this interference, absorbance background was
measured before each experiment with the clay, organic acids
and buffer at the prescribed dilution.  The mean absorbance
for each pH group (4.5, 7.0 and 9.5) was determined and then
subtracted from WC and TS absorbance values.  The corrected
values were used to calculate iodine concentration in mg/L
and then converted to mg/Qt concentration.
FIGURE 1:    EXPERIMENTAL PRGGEDURES FLOW DIAGRAM
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K.2.2. Virus Control Samples:
After the first Halogen controls Ij concentrations were
measured, 0.20 ml of the virus working stock was introduced
into the clean virus control (CVC) sample.  Immediately,
0.90 ml of the CVC  was removed and mixed with 0.90 ml of 1%
Na2S203 in a quench tube.  Next, 0.2 0 ml of the virus
working stock was introduced into the dirty virus control
(DVC) sample, mixed and immediately 0.90 ml of the DVC was
removed and mixed with a quench tube.  These were the Time
0' virus controls.  Subsequent virus control samples were
taken at 60' relative to virus introduction.
K.2.3. Test Samples;
Next, 1.50 ml of virus working stock was introduced
into the Test Sample (TS) and then 1.0 ml of the 15x iodine
concentration was introduced into the TS, noting the time.
After 20 seconds, 0.90 ml of the TS was removed and mixed
with a quench tube.  Subsequent samples were removed at 1,
3, 10, 30 and 60 minutes relative to the introduction of the
iodine solution.  Iodine concentration of the TS were read
by the DPD method at 30 and 60 minutes, immediately after
removing the virus sample.  All control and test virus
samples were stored at 5° C until they were individually
diluted in replicates to allow assaying of each virus type
at 10"-'-, 10"^, 10"^ and 10"^ dilutions.  Triplicate (or
quadruplicate) culture dishes were inoculated for each virus
dilution using 0.5 ml of inoculum per plate.
L. Virus Assay and Titer Determination;
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Initially, experimental controls and samples were
assayed at dilutions of 1:10, 1:100, 1:1000 and 1:10000.  In
order to prepare the initial 1:10 dilution, virus samples
from thiosulfate c[uench (1:2 dilution)  were diluted 1:5
into the appropriate diluent (see Appendix A) with the
appropriate enterovirus antisera.  Polio and echo reproduce
quickly and are capable of utilizing different host assay
cells therefore, polio dilulents were treated with echo
antisera to neutralize echovirus.  Echo dilulents were
treated with polio antisera to neutralize poliovirus, and
HAV dilulent was treated with both antipolio and antiecho
sera to neutralize both poliovirus and echovirus.  Research
performed in this lab indicated that neutralized
enteroviruses did not interfere with virus assay results
(Oldham, 1988).
Experimental test sample and control sample
(experimental, positive and negative) titers were determined
by plaque assay for polio and echo virus and by Radio-Immuno
Focus Assay for hepatitis A.  The procedures are as follows.
Initially, test samples were diluted to allow assay at
1:10, 1:100, 1:1000 and 1:10,000.  As the experiments
progressed, it was determined that the HAV stock virus titer
was insufficient to allow the detection of the desired
inactivation level.  Therefore, since polio and echo
particles were determined to be of greater titer than HAV,
echo and polio assay dilutions were modified to decrease
assay sensitivity (e.g. 1:20, 1:200, 1:2000 and 1:20,000)
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while increasing HAV assay sensitivity (e.g. 1:4, 1:10,
1:100 and 1:1000).
L.l. Plaque Assay:
Poliovirus and echovirus were assayed either in
triplicate or quadruplicate.  Newly confluent monolayers of
host cells in 60 mm X 15 mm polystyrene dishes were drained
and then inoculated with 0.5 ml of the inoculum at the
desired dilution.  Inoculated host cells were incubated at
37° C, 5% CO2,   for 1 hour to allow virus cell attachment.
In order to decrease cell desiccation and increase virus
attachment, assay plates were rotated and tilted every 15
minutes, allowing the inoculum to irrigate cells.  After
attachment, host cells were covered with ~4 ml overlay
solution per plate.  Overlay consisted of:
100 ml IX Eagles Modified Essential Medium
100 ml 1.5% Bacto-Agar deionized water (autoclaved § 18
PSI, 121°C, 15 minutes)
2.0 ml heat inactivated Fetal Calf Serum
1.0 ml L+Glutamine (200 mM)
1.5 ml sodium bicarbonate (7.5%)
1.0 ml Hepes (1.5M)
1.0 ml Nonessential Amino Acids (lOOX)
1.0 ml Gen/Kan (lOOX)
1.0 ml Nystatin (lOOX) as needed
0.75 ml MgCl2 (4M)
0.1 ml Antisera (lOOX filtered)
All components were maintained in a 49° C, water bath
until use.
Overlay was allowed to set, and then cells were
incubated at 37° C, in 5% CO2-  After 1 day incubation,
polio assays were overlaid with approximately 4 ml of PBS
and agar (0.75% final concentration) and neutral red (lOOX,
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1 ml per 100 ml PBS/agar overlay).  After 2 days incubation,
echo assays were overlaid with approximately 4 ml of PBS and
agar (0.75% final concentration) and neutral red (lOOX, 1 ml
per 100 ml overlay).  PBS/agar solution was autoclaved at 18
PSI, 121° C for 15 minutes and then maintained at 49° C in a
water bath until use.  Neutral red was added just prior to
use.  This was done to minimize neutral red toxic effects to
host cells.  Polio plaques were counted at two and three
days, noting both counts.  Echo plaques were read at three
and four days.
L.2. Radio-Immuno Focus Assay:
Hepatitis A titers were determined using FRhK-4 cells.
Assay was performed as above except the overlay medium
consisted of:
100 ml IX Eagles Modified Essential Medium
100 ml 1.0% UltraPure Agarose deionized water
(autoclaved § 18 PSI, 121°C, 15 minutes)
2.0 ml heat inactivated Fetal Calf Serum
1.0 ml L+Glutamine (200 mM)
1.5 ml sodium bicarbonate (7.5%)
1.0 ml Hepes (1.5M)
1.0 ml Nonessential Amino Acids (lOOX)
1.0 ml Gen/Kan (lOOX)
1.0 ml Nystatin (lOOX) as needed
0.75 ml MgClj (4M)0.1 ml Antisera (polio and echo) (lOOX filtered)
All components were maintained in a 49° C water bath
until use.
The overlay was allowed to set and then cells were
incubated at 37° C, in 5% COj for 5 to 7 days, or until
overlay showed signs of desiccation.  A second overlay
application of approximately 4 ml (as above) was added to
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the cultures.  After overlay was set, cells were again
incubated as above.  At 3+ CPE or noticeable plaques,
incubation was terminated, typically at 9 to 11 days.
Overlay was removed with a sterile wire loop, cell layers
were rinsed with sterile PBS.  The PBS was aspirated and the
cell layers were dried in laminar hood.  The cell layer was
fixed with approximately 2 ml acetone per plate.  Remaining
acetone was aspirated off the plates after 15 minutes and
then allowed to dry.
lodine^^^ labeled anti-HAV solution was prepared in the
manner of Lemon et al. (1983).  The target counts per minute
per assay dish is 1.5 x 10^ CPM.  The volume of I-'-^^-labeled
HAV antisera in ml needed for assay was calculated by
dividing 1.5 x 10^ CPM/dish by 2.0 x 10^ CPM/ml (stock anti-
HAV radio label CPM) and then multiplying the dilution
factor by the number of culture dishes in the assay.  The
total volume of label-PBS needed was calculated by
multiplying the number of culture dishes in assay by 1.5
(ml/dish).  Labeled antisera was filtered with a 25 mm
diameter 0.22 urn Millipore Millex disposable filter directly
into the calculated volume of PBS.
Diluted I-"-^^-labeled HAV antibody was dispensed at 1.5
ml per assay dish.  Dishes were incubated at 37° C for 4 to
8 hours. Dishes were tilted and rotated every hour or two to
prevent "hot spots", and drying.  Label was aspirated off
plates after incubation and disposed of as radioactive
waste.  Plates were then rinsed twice with approximately 2
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ml PBS per plate per rinse and allowed to dry overnight.
Plates bottoms were "punched" out of dishes, and attached to
sheets of paper, cell layer side up, and referenced to allow
determination of sample ID.  Kodak XAR-5 x-ray film with
intensifier screens in cassettes was exposed to the labeled
dish bottoms attached to paper sheets for 3 days at -70° C.
After exposure, the film was developed and Radio-immuno
focus units were calculated.
L.3. Titer Calculation:      .
Initially, virus titer was to be determined by counting
the PFU or RIFU per plate, averaging the counts of best
(between 10 and 80 counts per plate) dilutions and
calculating titer from this average. An example calculation
would be:
20 + 25 + 21 = 66 (counts/1:10^ dilution)
66/3=22 (average count per plate)
22/.5 ml   (assay inoculiom)   = 4444/10"^ (1:10-^ dilution series) = 4400 PFU/ml
However, the assay results revealed that test sample
dilution series did not reflect normal distributions.  Hass
(1988) states that microbial survival distributions are more
closely represented by the Poisson distribution, especially,
at lower sample populations.  In order to more closely
represent survival population distributions the titers were
calculated by totaling all final counts of each sample and
dividing by the total amount of sample volume represented.
An example calculation would be:
20 + 25 + 21 = 66 (counts/1:10*^ dilution)
_       ͣ       66
(0.5 ml)(lxl0~2 sample dilution)(3 plates)
=0.015 ml plated
66/0.0155 ml  = 4400 PFU/ml
Random plaques in the dilution series were included in
virus titer calculations.  This allowed random Poisson
events to be quantified and a more sensitive virus survival
to be determined.  An inherent fault in determining titer by
this method is that there is a calculation bias towards the
greater dilutions.  However, it was decided that the
increase in sensitivity outweighed the dilution effect bias.
The experimental results were plotted as Log-j^Q average
Nt/NO versus time (minutes) exposed to iodine.  Nt is the
enterovirus titer at the time point sampled.  NO is the
virus control titer.  Virus controls were deteirmined at time
0' and 60' (or 30'), and then averaged together to determine
the average control virus titer over the length of the
experiment.  The Nt/NO for each time point of each
experiment was determined.  Then duplicate Nt/NO data points
for duplicate experiments were averaged and converted to
Log-j^Q.  These average Log^^Q Nt/NO data points were graphed
versus time in minutes.
M. Data Analysis
M.l. Iodine Residual Determination;
As described above, iodine concentrations were
determined for iodine demand free control samples (HDF
Buffer, 5° C) at zero (0), thirty (30) and sixty (60)
minutes,  worst case (WC) control samples (10 mg/L
humic/fulvic acids, 5 NTU Bentonite clay, 5°C and test pH
ͣf^rngj-^sr
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buffer) iodine concentrations were determined at thirty (30)
seconds, thirty (30) and sixty (60) minutes; test sample
(TS) iodine concentrations were determined at thirty and
sixty minutes.  These time points were chosen to allow
iodine concentration determination over the course of the
disinfection experiments.
The demand free control sample represented the "time
zero" iodine concentration for the WC control and test
sample.  The WC control thirty second determination
estimated the test sample thirty second concentration.
Similar to the manner of Quails and Johnson (1983), the data
for the HDF control time-zero point and the WC control 30
second point represent a "fast" demand reaction.  The WC
control 30 second point and the test sample thirty and sixty
minute concentration values represent a "slow" demand
reaction.  Together the "fast" and "slow" decay curves were
used to determine the average curvilinear iodine decay
response for each iodine concentration and pH disinfection
group (Quails and Johnson, 1983).
M.2. T99 and T99.99 values and Linear Regression:
The T99 value represents the time in minutes that 2
LogiQ or 99 percent of the virus population was inactivated.
The T99.99 value represents the time in minutes that 4 Log^Q
or 99.99 percent of the virus population was inactivated.
The values were to be interpolated directly from the data or
in the case of the points being outside the data ranges, the
values were to be extrapolated from a linear regression
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analysis of the virus survival data.  The T99 and T99.99
values and the linear regression r  (correlation factor
squared) value were to be presented for each virus, at each
iodine concentration, for each pH value.
If the r* value for a virus data regression analysis
was below 0.85 and the T99 point fell outside of the 60
minute time point then the 20 second, 1 and 3 minute data
points were removed from that particular virus regression
analysis and a regression analysis was performed with the
remaining data points.  This had the effect of increasing
the r value and hopefully allowing more accurate
extrapolation of the T99 and T99.99 values.  In order to
maintain analysis continuity within the pH level, if data
points were omitted from a regression analysis performed on
the virus data from one iodine concentration in a particular
pH, then the other iodine concentration virus data was
treated likewise.  T99 and T99.99 values were then generated
from these regression analysis.  The r^ value, T99 and
T99.99 for both linear regression analyses was noted.
M.3. CT Values;
CT values are a means to measure relative pathogen
sensitivity to disinfectants.  CT values are generated by
multiplying the T99 value (or T99.99 value) for the specific
pathogen by the residual disinfectant concentration under
the tested condition.  The Worst Case disinfection
experiments were performed under dynamic batch conditions.
Organic acids and clay were mixed with virus and then iodine
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was added once, at the beginning of the trial.  Therefore,
CT values calculated from the initial iodine concentration
represent an inflated iodine residual figure, and CT values
calculated from the final iodine concentration represent an
artificially low figure.  The actual iodine concentration
changed over time.  Therefore, the CT values were generated
using an averaged iodine concentration.  The initial iodine
concentration was added to the first test sample iodine
concentration after the T99 or T99.99 value and then divided
by two. If the T99 or T99.99 value was less than fifteen
minutes then the initial iodine concentration was used.  If
the T99 or T99.99 value was greater than sixty minutes, than
the initial concentration and the sixty minute test sample
concentration were used to compute the average. This value
was then multiplied by the T99 or the T99.99 value to
determine the CT value for the virus, at the average iodine
concentration, at the pH value tested.
IV.   RESULTS
A. Introduction
Disinfection experiments were performed at three
specific pH values (4.5, 7.0 and 9.5) in order to bracket
typical water pH ranges found in the environment.
Constituents were added to the halogen demand free (HDF)
buffer to model a scenario in which iodine inactivation of
enteroviruses would be least favorable. Model "worst case"
water contained 10 mg/L dissolved humic and fulvic acids and
5 NTU Bentonite clay at a 5° C water temperature.  Viruses
used were hepatitis A (strain HM-175), polio 1 (strain LSc)
and echo 1 (strain V239). The experiments were designed to
allow iodine residuals to be determined or estimated at 0,
0.5, 30 and 60 minutes during the disinfection experiments.
Iodine concentrations used were 8.0 mg/Qt (+/- 0.5 mg/Qt)
and 16.0 mg/Qt (+/~ 1*0 mg/Qt).  All experiments were
performed in duplicate.
B. Iodine Residuals
Average percent iodine decay for each pH and each
iodine concentration are represented in Figure 2 through 7.
Individual iodine residual data are listed in Table D-1
through D-3 Appendix D.  The average percent iodine
remaining in HDF control, Worst Case control and Test
Samples is presented in Table D-4.
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B.l. pH 4.5
Halogen demand free (HDF) control sample concentrations
for 8.3 mg/Qt and 15.5 mg/Qt experiments at pH 4.5 were
stable over 60 minutes.  HDF control samples maintained an
average 94% of the initial iodine concentration during 60
minutes of the 8.3 mg/Qt experiments and an average 96% of
the initial iodine concentration during 60 minutes of the
15.5 mg/Qt experiments.
Worst case (WC) iodine control samples exerted a
relatively large iodine demand in the initial 3 0 seconds of
iodine exposure.  During the 8.3 mg/Qt experiments, an
average of 2.2 mg/Qt (27%) iodine was consumed in the
initial 30 seconds, while during the 15.5 mg/Qt experiments,
an average 1.5 mg/Qt (9%) was consumed after 30 seconds.
During the final 59.5 minutes of the experiments iodine
demand was reduced.  The WC control samples for 8.3 mg/Qt
experiments averaged a total iodine demand of 3.1 mg/Qt or a
62% (5.2 mg/Qt) residual after 60 minutes exposure. The WC
control samples for 15.5 mg/Qt experiments averaged a total
iodine demand of 2.3 mg/Qt or an 85% (13.2 mg/Qt) residual
after 60 minutes exposure.
Test sample (TS) iodine demand was generally greater
than the WC iodine control.  In three out of four of the pH
4.5 experiments (both 8.3 mg/Qt and 15.5 mg/Qt) the 30
minute TS iodine residual was less than the WC control.
However, the 60 minute TS iodine residual was less than the
WC control in the four 60 minute WC iodine control samples.
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Final TS iodine residuals were 4.6 mg/Qt (55% remaining) for
8.3 mg/Qt and 12.3 mg/Qt (79% remaining) for 15.5 mg/Qt
iodine.
B.2. pH 7.0
Iodine residuals in the HDF iodine control samples were
stable during the pH 7.0 experiments.  HDF iodine control
residual at 60 minutes averaged 7.9 mg/Qt remaining from an
initial concentration of 8.3 mg/Qt iodine and 14.7 mg/Qt
from an initial concentration of 15.6 mg/Qt or 96% and 95%
of the initial iodine concentration, respectively.
WC iodine control samples lost the greatest amount of
iodine during the initial 30 seconds of the pH 7.0
experiments.  An average of 1.4 mg iodine (17%) was consumed
during the first 3 0 seconds of the 8.3 mg/Qt experiments and
an average of 2.7 mg iodine (18%) was consumed during the
first 30 seconds of the 15.6 mg/Qt experiments.  The 8.3
mg/Qt iodine experiments lost a relatively greater amount of
iodine than the 15.6 mg/Qt experiments in the last 59.5
minutes.  The 8.3 mg/Qt WC iodine controls averaged 63% of
initial iodine concentration at 60 minutes while the 15.6
mg/Qt WC iodine controls averaged 73% of initial iodine
concentration at 60 minutes.
Iodine residuals in the pH 7.0 test samples were less
than in either HDF or WC controls at the 30 and 60 minute
time points.  At 60 minutes, the 8.3 mg/Qt iodine TS had
lost an average of 43% and the 15.6 mg/Qt iodine TS had lost
an average of 42% of the initial iodine concentration. The
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average iodine residual was 4.7 mg/Qt and 9.0 mg/Qt for the
8.3 mg/Qt and 15.6 mg/Qt trials, respectively.
B.3. pH 9.5
Iodine residuals decayed rapidly during the pH 9.5
experiments.  The 8.8 mg/Qt iodine HDF controls showed an
average 32% reduction (2.8 mg iodine lost) at 60 minutes
from the initial iodine concentration.  The 15.7 mg/Qt
iodine residuals were measured at 15 and 3 0 minutes rather
than at 3 0 and 60 minutes because of the expected greater
rate of virus inactivation at pH 9.5.  After 30 minutes, the
15.7 mg/Qt HDF iodine controls had averaged a loss of 25%
(3.9 mg iodine lost) from the initial iodine concentration.
WC iodine controls exerted a large iodine demand at pH
9.5.  After 0.5 minute exposure the 8.8 mg WC control had
lost an average 37% of the initial iodine concentration or
an average 3.2 mg iodine lost.  The 15.7 mg WC iodine
control had lost an average 17% of the initial iodine
concentration or an average 2.7 mg iodine lost.  Final
iodine residual for the 8.8 mg/Qt WC iodine control was 28%
remaining (2.5 mg/Qt iodine at 60 minutes); final iodine
residual for the 15.7 mg/Qt WC iodine control was 56%
remaining (11.8 mg/Qt iodine at 30 minutes).
Test sample (TS) iodine decay at pH 9.5 was the most
rapid of the experiments.  After 30 minutes, 8.8 mg TS
iodine residuals were below the detectable concentration of
iodine (<0.5 mg/Qt) or below 6% of initial iodine
concentration.  Because of the limited sample size, the
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iodine concentration was determined only at the final time
point of 30 minutes during the pH 9.5, 16 mg/Qt iodine
trials.  One replicate (actual concentration, 16.6 mg/Qt
iodine) had a residual of 3.0 mg/Qt iodine, the other
replicate (actual concentration, 14.9 mg/Qt iodine) had a
residual of <0.5 mg/Qt iodine, representing an average
iodine concentration <1.8 mg/Qt or <ll% of the initial
iodine concentration.
C. Virus Survival
Average Log-j^Q Nt/NO for duplicate experiments are
displayed in Figures 8 through 13.  Virus survival results
are listed in Tables D-5 through D-IO of Appendix D.  Virus
inactivation varied with the independent parameters:  pH,
virus type, and iodine concentration.
C.l. pH 4.5
Each virus displayed uniquely characteristic
inactivation curves.  Variation between the replicate
experiment data did not seriously bias the average
inactivation data.
Hepatitis A virus exposed to 8.3 mg/Qt and 15.5 mg/Qt
iodine showed curvilinear inactivation at pH 4.5.  The
inactivation rate was observed to decline between the 1, 3
and 10 minute time points.  The average HAV sample
population decreased by 1.7 log^^g or 98% after 60 minutes,
in the 8.3 mg/Qt iodine trials.  The average HAV sample
population decreased by 2.3 log^Q or >99.5%, in the 15.5
mg/Qt iodine trials.
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Poliovirus 1 showed an initial rapid loss of titer
followed by reduced inactivation rates in pH 4.5 trials.
Polio 1 exposed to 8.3 mg/Qt iodine exhibited an initial
decrease of 0.3 log^^o or 50% of virus after 20 seconds.  At
the 60 minute time point, the average polio inactivation was
>65% (0.46 log^^Q reduction) of the control polio population.
Poliovirus exposed to 15.5 mg/Qt showed inactivation
rates similar to the lower iodine concentration trials, at
pH 4.5.  At 20 seconds, polio was reduced to 47% (0.28 log-^g
reduction) of the control population.  Final poliovirus
inactivation, for the 15.5 mg/Qt experiments, after 60
minutes was -0.88 log^^Q (a reduction >86% of the average
control polio titer).
Echovirus 1 exhibited an exaggerated inactivation-
rebound phenomena in both the 8.3 mg/Qt and 15.5 mg/Qt
experiments.  At 20 seconds, in the 8.3 mg/Qt experiments,
echo titer had dropped by >93% (-1.21 log^^o) °^  '^^® average
echo control titer.  At 10 minutes, the average experimental
echo titer was observed to be -0.16 log-j^Q, an increase in
titer of >63% from the titer recorded at 20 seconds.  From
10 until 60 minutes, echo inactivation was linear.  At 60
minutes, average echovirus loss was approximately 80% of the
average echo control titer.  Similar echo titer
"inactivation-recovery" was observed during the 15.5 mg/Qt
experiments. At 20 seconds, echo inactivation was >89% of
the echo control titer.  Titer increase occurred over the
next two time points and reached -0.11 log^^g (approximately
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78% of control population or 66% increase from 20 second
data point).  Echovirus inactivation then increased from 3
until 60 minutes.  After 60 minutes of iodine exposure, echo
inactivation was >99.9% of average control titer.
C.2. pH 7.0
Viral inactivation data for 8.3 mg/Qt and 15.6 mg/Qt
iodine at pH 7.0 were similar for the individual virus
types.  Variation between the duplicate experiments did not
bias the average inactivation data for either polio or
echovirus .  However, hepatitis A virus individual replicate
inactivation data were different from the average
inactivation data because the HAV detection limit was
reached at different time points in replicate experiments.
Hepatitis A virus exhibited a sharp initial decrease in
titer during exposure to 8.3 mg/Qt iodine.  At 3 minutes,
the average HAV titer reduction was >99.9%.  The reduced HAV
population led to increased titer variation during the final
57 minutes of the replicate trials.  In one trial HAV was
undetected at the 10 and 30 minute time points but was
detected at the 60 minute time point.  In the replicate
trial, HAV was detected at 10 and 30 minutes but at 60
minutes was undetectable.  Final population reduction for
average HAV control was >99.9%.
Increased iodine concentration led to increased HAV
inactivation rates at pH 7.0. At 15.6 mg/Qt iodine, HAV was
detectable only during the initial minute of the experiment.
At 1 minute, HAV was below detection at > -2.92 log^^Q' °^
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reduced by >99.8%.  No residual HAV population was detected
in the final 59 minutes of the experiment.  HAV replicate
data did not differ notably in the 15.6 mg/Qt iodine, pH 7.0
experiments.
At pH 7.0, 8.3 mg/Qt iodine, poliovirus again exhibited
a sharp decrease during the initial 2 0 seconds exposure to
iodine.  Average 2 0 second inactivation for poliovirus was
40% of control titer in the 8.3 mg/Qt trials.  For the
remainder of the 8.3 mg/Qt trials, inactivation was linear.
Polio inactivation after 60 minutes exposure to an initial
concentration of 8.3 mg/Qt iodine, was >88% of control
titer.
Poliovirus exposed to an initial concentration of 15.6
mg/Qt iodine at pH 7.0, was inactivated more completely than
poliovirus exposed to an initial concentration of 8.3 mg/Qt
iodine.  At 20 seconds, average polio inactivation was -0.37
log-j^o (approximately 43% reduction) , however, final polio
inactivation (60 minutes) in the 15.6 mg/Qt iodine trials
was 99.9% of average control titer.
Echovirus exhibited aberrant survival curves during
exposure to iodine in model "worst case" water at pH 7.0.  A
sharp initial decrease in titer was detected after 20
seconds in the 8.3 mg/Qt iodine trials.  Average loss of
titer was -2.1 log^^o (approximately 99% of average echo
control titer).  Increased echo titer was observed at 1 and
3 minutes.  A decrease in titer was observed over 10 to 60
minutes from 57.3% to >99.99% of the control titer.
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Echovirus exposed to an initial iodine concentration of
15.6 mg/Qt in pH 7.0 displayed survival curves similar to
echovirus exposed to 8.3 mg/Qt iodine in pH 7.0 worst case
water-  After 20 seconds, echo titer was reduced by >95% of
the initial echo titer.  Rebound was maximum at 3 minutes
with 0.46 log^^Q reduction (an increase of 30% over 20 second
titer).  At 30 and 60 minutes, echovirus was not detected at
>99.99% reduction.
C.3. pH 9.5
Increased iodine concentration did not lead to
increased viral disinfection, during the pH 9.5 disinfection
experiments.  Hepatitis A and poliovirus inactivation
decreased with increased iodine concentration at pH 9.5.
Hepatitis A virus was the most sensitive virus to iodine
during the 8.8 mg/Qt trials but during the 15.7 mg/Qt trials
echovirus was the most sensitive to iodine inactivation.
Experimental data revealed little data variation during
replicate trials for each of the virus types.  All virus
types showed rare singular counts after the virus had been
undetected over 20 (echovirus) to 50 minutes (HAV and
poliovirus) during the 8.8 mg/Qt trials.
Hepatitis A virus was 99.97% inactivated at the 20
second time point during the 8.8 mg/Qt iodine trials.  At 3
minutes, HAV was undetected at >99.97% inactivation and
continued to be undetected until the 60 minute time point
where one plaque was observed during one replicate
experiment.  Hepatitis A virus was 99.98% inactivated after
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20 seconds during the 15.7 mg/Qt iodine trials.  However,
the average HAV survival curve showed a slight (0.02%)
increase in titer (at the 10 minute time point) and the
virus was detectable throughout the 30 minute trials.
Poliovirus showed curvilinear inactivation during the
8.8 mg/Qt iodine trials at pH 9.5.  At the 20 second time
point, average polio inactivation was >93% of the polio
control titer.  Polio was not detected after the 1 minute
time point during one trial until the 60 minute time point
where one plaque was observed.  The replicate trial showed
continued inactivation response until the 10 minute time
point.  No poliovirus was detected in this trial over the
final 50 minutes of the experiment.  Final polio
inactivation was >99.9% and was achieved at 10 minutes.
Poliovirus showed curvilinear inactivation during the
15.7 mg/Qt iodine trials at pH 9.5.  At the 1 minute time
point, the average polio inactivation was >98.4% of the
control titer.  However, at the 3 minute time point polio
showed a decreased inactivation response for the final 27
minutes of the experiments. Poliovirus was detected in both
trials throughout the 15.7 mg/Qt tests.  Thirty minute polio
inactivation was 99.47% of control titer.
Echovirus exhibited a slight shoulder at the 20 second
time point during the 8.8 mg/Qt iodine, pH 9.5 trials but
then showed steep inactivation during the remainder of the
iodine exposure.  At 3 minutes an average of <0.01% (>99.9%
inactivation) echo was detected.  At 10 minutes and 30
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minutes, one trial showed no echo and one trial showed one
plaque (12 PFU/ml) in the dilution series.  No echovirus was
observed at the 60 minute time point.
Echovirus exhibited a slight shoulder at the 20
second time point during the 15.7 mg/Qt iodine, pH 9.5
trials.  Echovirus inactivation at 1 minute was >99.96% of
the echo control titer.  Echovirus was not detected after
the 3 minute time point during the pH 9.5, 15.7 mg/Qt iodine
disinfection trials.
D. T99 and T99.99 Inactivation Values
Estimated T99 (2 Log^^Q) and T99.99 (4 Log-|^Q) values for
the experimental pH and iodine concentrations are presented
in Table 1.  The values were either interpolated directly
from the data or in the case of the points being outside the
data ranges, the values were extrapolated by linear
regression analysis.  The squared linear regression
correlation factor (r^) is presented in Table 1.
First order reaction kinetics did not realistically
model the virus inactivation curves during some of the
experiments for some of the viruses.  This is apparent
because the r^ values for linear regression analysis of
log^^O Nt/NO versus time, are less than 0.80 and visual
inspection of the plotted data show that the data do not
plot linearly.  However, much of the data empirically show
that the T-99 and T-99.99 values are >60 minutes in pH 4.5
and 7.0 disinfection trials.
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In the manner described in Materials and Methods
(Section L.2.)/ data points were omitted from the regression
analysis for poliovirus 1 and echovirus 1 at pH 4.5 and
poliovirus 1 at pH 7.0.  T99 and T99.99 values were then
generated from these regression analysis.  The r^ value, T99
and T99.99 for both linear regression analyses was noted in
Table 1.  Time points employed in the regression analyses
are detailed in Appendix E.
D.l. pH 4.5
None of the three viruses tested at approximately 8
mg/Qt iodine in pH 4.5 worst case water showed 99%
inactivation in 60 minutes.  HAV was the most sensitive,
followed by echo 1 virus and finally polio 1 virus.  HAV
also displayed the r^ value closest to 1, followed by polio
and then echo.  The relative ranking of the T99 and T99.99
values is inconsistent with the inactivation plots.  The
disinfection data show virus sensitivity ranked from most
sensitive to least sensitive as HAV, echo 1 and then polio
1.  T99 and T99.99 values indicate sensitivity from most
sensitive to least sensitive as HAV, polio 1 and then echo
1.  This inconsistency is caused by the aberrant echo
disinfection data leading to a very low r^ value (0.001).
The regression analysis performed on the polio and echo data
sets with omitted data points corrected this inconsistency.
At a starting concentration of approximately 16 mg/Qt
iodine in pH 4.5 test sample water, echo 1 showed the most
inactivation, followed by HAV and then polio 1.  The T99
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values for echo 1, HAV and polio 1 are respectively:  2 6.3,
45.7 and 158.8 minutes.  None of the three viruses showed
T99.99 values <60 minutes. All three viruses showed r^
values greater than 0.85 and this suggests that first order
reaction kinetics may model the virus inactivation well
enough to allow approximate T99 and T99.99 predictions.
However, in order to treat virus types consistently within
pH levels, regression analysis was performed on echo 1 and
polio 1 data sets with the omitted data points.  The
disinfection data and the T99 and T99.99 values show the
same relative sensitivity for the viruses:  echo 1, HAV and
polio 1, most sensitive to least sensitive.
D.2. pH 7.0
First order reaction kinetics appear to be a poor virus
inactivation model for the three viruses tested at an
approximate 8 mg/Qt initial iodine concentration in pH 7.0
worst case water.  The r* values were below 0.85 for the
three viruses.  However, only poliovirus met the criteria
for performing a regression analysis with omitted data
points.  The T99 values for echo 1 and HAV were <0.33 and
0.9 minutes, respectively.  Echo showed the characteristic
titer resurgence while HAV exhibited a resistant population.
These factors contributed to their low r^ values.  Polio 1
was the least sensitive under these conditions with a
calculated T99 and T99.99 value (from both regression
analyses) >60 minutes.  The HAV T99.99 value was also >60
minutes.  Echo 1 T99.99 value was calculated to be 57.2
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minutes.  HAV and echo 1, T99 and T99.99 values were
calculated with limit of detection data point values.
At an approximate initial iodine concentration of 16
mg/Qt, pH 7.0 worst case water, the three test viruses
exhibited T99 values <60 minutes.  HAV and echo 1 exhibited
T99.99 values <30 minutes.  The average T99 values for the
three viruses were:  0.6 minutes (HAV), 37.0 minutes (polio
1) and 8.3 minutes (echo 1).  The average T99.99 values for
the three Viruses were:  1.3 minutes (HAV), 82.0 minutes
(polio 1) and 27.2 minutes (echo 1).  The r^ value for each
of the three viruses was greater than 0.85.  Detection limit
data were used to calculate the T99.99 values for HAV and
echo 1.  Regression analysis was performed on the polio 1
data set with the omitted data points, in order to treat
virus types consistently within pH levels.
D.3. pH 9.5
The r^ values for viruses inactivated in worst case
water in pH 9.5, with an initial iodine concentration of
approximately 8 mg/Qt, were all below 0.75.  However, T99
values for the three viruses were less than or equal to 2.1
minutes.  The values were:  0.1 minutes (HAV), 1.3 minutes
(polio 1) and 2.1 minutes (echo 1).  T99.99 values were:
2.9 minutes (HAV), 12.6 minutes (polio 1) and 9.2 minutes
(echo 1).  Detection limits were used to calculate the
T99.99 values.  It should be noted that 1 plaque was
detected in one replicate at 60 minutes for both HAV and
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polio 1.  One plaque was detected at 30 minutes in one trial
for echo 1.
Polio 1 and HAV, T99 and T99.99 values were greater at
16 mg/Qt iodine starting concentration than 8 mg/Qt iodine
starting concentration.  HAV T99 was 0.2 minutes and T99.99
was 40.3 minutes.  Polio 1 T99 was 8.3 minutes and T99.99
was 60.8 minutes.  Echo 1, T99 (0.7 minutes) and T99.99 (8.9
minutes) values were less for the 16 mg/Qt iodine compared
to the 8 mg/Qt iodine concentration.  The r^ values were all
below 0.42 at the 16 mg/Qt starting iodine concentration.
This is a result of the resistant residual virus
populations.
E. CT Values
The average CT values for the individual viruses under
the Worst Case conditions are presented in Table 2 through
5.  The CT values generated using the T99 and T99.99 values
extrapolated from linear regression analysis employing all
the data points, and those using the T99 and T99.99 values
extrapolated from linear regression employing selected data
points are presented in the tables.  If a detection limit
was used to generate a CT values then the value should be
considered a conservative estimate of the CT value.
CT values follow the T99 and T99.99 data trends.  This
is expected because the CT values are generated from the T99
and T99.99 values.  However, some T99 and T99.99 values were
extrapolated from linear regression analysis of data that
are clearly not first-order and therefore the CT values did
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not accurately portray the relative virus sensitivity
exhibited by the inactivation data.  Since the CT value is
dependent upon the 2 log-j^g and 4 log-|^Q estimate, if the
extrapolated value was sufficiently inaccurate than the CT
value will also be inaccurate.  For example, the T99.99
values extrapolated for echo 1 and polio 1 under pH 4.5
conditions with an initial iodine concentration of 8.3
mg/Qt, were not consistent with the actual data points
indicating that polio was more resistant than echo 1.  The
nonlinear echo inactivation data caused a much larger T99.99
value to be generated.  Consequently, a much larger CT value
was produced, which indicated that echo 1 was more resistant
to iodine inactivation than polio 1 under these conditions.
It was anticipated that omitting the nonlinear data
points in the regression analysis would have the effect of
allowing a more accurate T99 and T99.99 extrapolation.  The
T99.99 values generated from the regression analyses
performed on data sets with omitted data points changed the
relative order of sensitivity to iodine in only one
condition, pH 4.5, 8.3 mg/Qt, polio 1 and echo l.
Subsequently, the CT values calculated from the T99.99
extrapolated from regression analyses with omitted data
points for polio and echovirus were consistent with the
plotted inactivation data.  Other T99.99 values calculated
from regression analysis performed on data sets with points
omitted did not change the relative virus sensitivity to
iodine but hopefully generated more accurate CT values.
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CT values that were consistent with iodine virus
sensitivity data suggest that doubling the iodine
concentration did not double the virus inactivation rate.
The CT values also indicate that increased iodine
concentration at pH 9.5 led to decreased virus inactivation.
There is some indication that increased iodine concentration
at pH 4.5 led to reduced virus sensitivity to iodine
inactivation.
F. Summary
F.l. pH 4.5
The three viruses survived beyond 60 minutes at pH 4.5,
with an initial iodine concentration of 8.3 mg/Qt.  The
order of virus sensitivity in pH 4.5 worst case water with
an initial iodine concentration of 8.3 mg/Qt was HAV,
echovirus 1 and poliovirus 1, from most to least sensitive.
Linear regression of log-j^Q Nt/NO versus contact time does
not model echo or polio survival data well, and therefore,
T99, T99.99 and CT values indicate that polio 1 is more
sensitive to iodine than echo 1.  However, omitting
nonlinear data points from the polio and echo regression
analysis permitted T99, T99.99 and CT values that support
the inactivation data.  Iodine was detectable in the test
sample throughout the experiments and averaged a 45% iodine
loss over 60 minutes.
Under worst case conditions, at pH 4.5 with an initial
iodine concentration of 15.5 mg/Qt, echo 1 is the most
sensitive virus to disinfection, showing a >3 log (>99.9%)
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reduction at 60 minutes.  HAV exhibited a >99% reduction at
60 minutes exposure to iodine.  Polio 1 was the least
sensitive to 15.5 mg/Qt iodine with a <1 log (<90%)
reduction.  All three viruses types were detectable
throughout the trials.  The test sample averaged a 80% (12.2
mg/Qt) iodine residual after 60 minutes.  CT values support
virus inactivation kinetics data.
F.2. pH 7.0
Under pH 7.0, worst case water conditions with an
initial iodine concentration of approximately 8.3 mg/Qt,
echo 1 showed a 99% (2 log^^g) inactivation before 20
seconds.  However, a characteristic titer recovery was
observed which led to increased echovirus titer over the
initial 3 0 minutes of the trials.  A 4 log^^Q reduction was
observed approaching 60 minutes exposure to iodine.  HAV
also showed initial appreciable inactivation, but a residual
virus population was detected throughout 60 minutes in at
least one replicate trial.  Polio 1 was the most stable
virus under these conditions with <1 log^^Q (<90%)
inactivation.  CT values support the virus inactivation
kinetics data.  The test sample averaged a 57% (4.7 mg/Qt)
iodine residual after 60 minutes.
Under pH 7.0, worst case water conditions with an
initial iodine concentration of approximately 15.6 mg/Qt,
HAV was undetectable after one minute, with an inactivation
of approximately 99.9%. Echo titer rebound was again
observed after the initial loss.  However, echo was not
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detectable after 10 minutes with an inactivation of >99.99%
approaching 27 minutes.  Polio 1 was the most stable, and
was detectable throughout the 60 minute trials.  A 3 log^Q
(99.9%) inactivation was observed at 60 minutes for
poliovirus.  The average 60 minute iodine residual was >57%
of the initial iodine concentration or approximately 9
mg/Qt.  CT values support the virus inactivation data.
F.3. pH 9.5
Under pH 9.5, worst case water conditions with an
initial iodine concentration of approximately 8.8 mg/Qt, HAV
showed a >99.9% inactivation before 20 seconds and was
undetectable after one minute.  However, one HAV plaque was
detected at 60 minutes in one replicate trial.  Echo 1 was
undetectable with > 99.9% inactivation after 3 minutes.  One
echo plaque was detected at the 30 minute time point in one
trial.  Polio 1 was not detected after 10 minutes with a
titer loss of >99.9%.  One polio plaque was detected at 60
minutes in one trial.  Less than 0.5 mg/Qt (>94% loss) of
the initial iodine concentration of 8.8 mg/Qt, remained
after 30 minutes at pH 9.5 in worst case water trials.  CT
values support the virus inactivation data.
Surprisingly, increased iodine concentration at pH 9.5
led to decreased HAV and polio l inactivation.  HAV and
polio 1 were detected throughout the 30 minute experiment.
Residual HAV and polio titers of <1% of the average control
population were detected at the 30 minute time point.  Echo
1 was undetected after the 3 minute time point with
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inactivation of >99.9%.  After 30 minutes <12% (<1.8 mg/Qt)
of the initial iodine remained.  CT values indicate that
polio 1 and HAV inactivation was reduced under increased
iodine concentration.
FIGURE 2:    AVERAGE IODINE DECAY, 8.3 mg/Qt, pH 4.5
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FIGURE 3:    AVERAGE IODINE DECAY.  15.5 mg/Qt. pH 4.5
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FIGURE 4:    AVERAGE IODINE DECAY. 8.3 mg/Qt, pH 7.0
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FIGURE 5:    AVERAGE IODINE DECAY.  15.6 mg/Qt. pH 7.0
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FIGURE 6:    AVERAGE IODINE DECAY, 8.8 mg/Qt, pH 9.5
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FIGURE 7:    AVERAGE IODINE DECAY,  15.7 mg/Qt. pH 9.5
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FIGURE 8:    HAV, POLIO  1  AND ECHO  1   INACTIVATION BY
8.3 mg/Qt IODINE IN MODEL WORST CASE WATER AT pH 4.5
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FIGURE 9:    HAV, POLIO  1   AND ECHO  1   INACTIVATION  BY
15.5 mg/Qt IODINE IN MODEL WORST CASE WATER AT pH 4.5
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FIGURE 10:    HAV, POLIO  1  AND ECHO  1   INACTIVATION BY
8.3 mg/Qt IODINE IN MODEL WORST CASE WATER AT pH 7.0
o
-1
Z    -2
o
o
-3
-4
-5 L       L
0
ȋ
T
- ͣ   HAV
- •   POLIO 1
- ȋ   ECHO 1
DETECTION LIMIT
10 20 30
TIME (minutes)
40 50 60
CO
00
FIGURE 11:    HAV, POLIO  1  AND ECHO 1   INACTIVATION BY
15.6 mg/Qt IODINE IN MODEL WORST CASE WATER AT pH 7.0
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FIGURE 12:    HAV, POLIO 1  AND ECHO  1   INACTIVATION BY
8.8 mg/Qt IODINE IN MODEL WORST CASE WATER AT pH 9.51 r     I---------------------—I----------------------------1----------------------------1---------------------------1---------------------------1----------------------------1   ͣ
o
-1
5    -2
o
o
-3
-4
-5 L
T\
u
ͣ -   ͣ   HAV
• -   •   POLIO 1
ȋ -   A   ECHO 1
ͫ DETECTION LIMIT
10 15
TIME (minutes)
20 25 30
o
o
FIGURE 13:    HAV, POLIO  1  AND ECHO  1   INACTIVATiON BY
15.7 mg/Qt IODINE IN MODEL WORST CASE WATER AT pH 9.5
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TABLE 1: T99 AND T99.99 Values and r^ Correlation Factors
For Linear Regressions using all data Points and
for Linear Regressions using selected data points
8.3 mg/Qt Iodine concentration, pH 4.5 Worst Case Water
Virus
All data Points
T99   T99.99    r^
Selected data Points
T99  T99.99   r^
HAV
Polio
Echo :
1
L
68.3   144.7
439.8   930.7
2550.8  5984.3
0.861
0.444
0.001
258.3
175.0
ND
519.1  0.978
351.5  0.995
15.5 mg/Qt Iodine concentration. pH 4.5 Worst Case Water
Virus
All
T99
data Points
T99.99   r^
Selected data Points
T99  T99.99   r^
HAV
Polio
Echo 1
45.7
1   158.8
26.3
100.2
335.1
71.0
0.894
0.863
0.879
137.1
33.6
ND
279.0  0.975
68.5  0.939
8.3 mg/Qt Iodine concentration, pH 7.0 Worst Case Water
Virus
All
T99
data Points
T99.99    r^
Selected data Points
T99   T99.99   r^
HAV
Polio 1
Echo 1
0.9
164.5
<0.3
90.6
361.7
57.2
0.237
0.683
0.692
ND
137.6  289.5  0.815
ND
15.6 mg/Qt Iodine concentration, pH 7.0 Worst Case Water
All data Points Selected data Points
T99   T99.99   r^Virus T99 T99.99 r^
HAV 0.6 1.3 0.915 ND
Polio 1    37.0 82.0 0.971 37.7   79.8  0.980
Echo 1 8.3 27.2 0.872 ND
NOTE:  ND = not done
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TABLE 1 (continued):
T99 AND T99.99 Values and r^ Correlation Factors
For Linear Regressions using all data Points and
for Linear Regressions using selected data points
8.8 mg/Qt Iodine concentration. pH 9.5 Worst Case Water
All data Points „ Selected data Points
Virus T99 T99.99 r^ T99   T99.99 r2
HAV <0.3 2.9 0.288 ND
Polio 1 1.3 12.6 0.588 ND
Echo 1 2.1 9.2 0.754 ND
15.7 mg/Qt Iodine concentration, pH 9.5 Worst Case Water
All data Points ^   Selected data Points
Virus T99 T99.99 r^      T99   T99.99   r"^
HAV <0.3 40.8 0.050                    ND
Polio 1 8.3 63.0 0.405                    ND
Echo 1 0.7 8.9 0.406                    ND
NOTE:  ND = not done
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TABLE 2: CT VALUES FOR 99% VIRUS INACTIVATION BY ~8 mg/L
IODINE IN WORST CASE WATER
VIRUS PH [I] mg/L T99 CT
HAV 4.5 6.8 68.3 464.4
7.0 8.8 0.9 7.9
9.5 9.3 <0.3 <2.8
POLIO 1 4.5 6.8 439.8 2990.6
4.5 6.8 258.3 1756.4
7.0 6.9 164.5 1135.1
7.0 6.9 137.6 949.4
9.5 9.3 1.3 12.1
ECHO 1 4.5 6.8 2550.8 17345.4
4.5 6.8 175.0 1190.0*
7.0 8.8 <0.3 <2.6
9.5 9.3 2.1 19.5
TABLE 3: CT VALUES FOR 99% VIRUS INACTIVATION BY -16 mg/L
IODINE IN WORST CASE WATER
VIRUS pH [I] mg/L T99 CT
HAV 4.5 14.7 45.7 671.8
7.0 16.5 0.6 9.9
9.5 16.6 <0.3 <5.0
POLIO 1 4.5 14.7 158.8 2334.4
4.5 14.7 137.1 2015.4
7.0 13.0 37.0 481.0
7.0 13.0 37.7* 490.1
9.5 16.6 8.3 137.8
ECHO 1 4.5 15.1 26.3 397.1
4.5 15.1 33.6 507.4*
7.0 16.5 8.3 137.0
9.5 16.6 0.7 11.6
* T99 and CT values generated from regression analysis
with data points omitted.
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TABLE 4: CT VALUES FOR 99. 99% VIRUS INACTIVATION BY
~8 mg/L IODINE IN WORST CASE WATER
VIRUS PH [I] mg/L T99.99 CT
HAV 4.5 6.8 144.7 984.0
625.1*
27.0*
7.0 6.9 90.6
9.5 9.3 2.9
POLIO 1 4.5 6.8 930.7 6328.8
4.5 6,8 519.1* 3529.9*
7.0 6.9 361.7 2495.7
7.0 6.9 289.5 1997.6*
117.2*9.5 9.3 12.6
ECHO 1 4.5 6.8 5984.3
351.5*
40693.2
2390.2*
394.7*
85.6*
4.5 6.8
7.0 6.9 57.2
9.5 9.3 9.2
TABLE 5: CT VALUES FOR 99. 99% VIRUS! INACTIVATION BY
-16 mg/L IODINE IN WORST CASE WATER
VIRUS PH [I] mg/L T99.99 CT
HAV 4.5 14.7 100.2 1473.0
21.5*7.0 16.5 1.3
9.5 <9.2 40.8 <375.4
POLIO 1 4.5 14.7 335.1 4926.0
4.5 14.7 279.0 4101.3
7.0 13.0 82.0 1066.0
7.0 13.0 79.8 1037.4
9.5 <9.2 ͣ ' 63.0 <579.6
ECHO 1 4.5 14.7 71.0 1043.7
4.5 14.7 68.5* 1007.0*
380.8*
147.7*
7.0 14.0 27.2
9.5 16.6 8.9
*  T99.99 and CT values generated from regression analysis
with data points omitted.
# Detection limit included in regression analysis.
V. DISCUSSION
A. Introduction
Studies performed in the late 1940's and early 1950's
revealed that iodine was an effective and reliable
disinfectant against bacteria and parasitic cysts for
individual emergency water supplies.  As a direct result of
this research the United States Armed Forces adopted
globaline (iodine) as an emergency water disinfectant
(Chang, 1953).  At the time this research was performed,
enterovirus research was not sufficiently developed to allow
accurate appraisal of virus survival.  Polio cultivation was
in its infancy.  The hepatitis A infectious agent had not
been identified and experiments were only able to be
performed on human subjects by inoculation with fecal
samples.  Recent technological developments have allowed
many more enteroviruses to be identified, isolated,
characterized and cultivated in the laboratory.  These
advancements have allowed virus disinfection experiments to
be executed that were more accurate than those previously
undertaken and gave further understanding of iodine action
on enteroviruses (Alverez and O'Brien, 1981; Taylor and
Butler, 1982).
Previous virus disinfection research performed at
University of North Carolina, Chapel Hill, revealed that
virus type, pH, water quality, water temperature, and
disinfectant concentration were the primary parameters
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influencing virus inactivation by free chlorine (Alexander,
1990).  Previous iodine disinfection experiments at U.N.C.
were performed under iodine demand-free conditions (Oldham,
1988).  The experiments discussed in this report were
designed to model extreme conditions of poor water quality,
low water temperature, differing pH and differing
disinfectant concentrations under which HAV, polio and
echovirus inactivation by iodine would possibly be retarded.
The experiments were executed under dynamic conditions that
might be encountered in a real world situation.  Each of the
parameters will be discussed individually, but it is worth
noting that the parameter influences are usually the result
of complex interactions.
B. Virus Type
As discussed in the review of the literature (see:
A.1.3. Virus Type) survival of virus strains varies under
homogeneous conditions.  Gerba (1984) points out that there
is no model enterovirus suitable for all disinfection
conditions.  Under both HDF (Oldham, 1988) and WC conditions
at 5° C, the inactivation data of each virus type exhibited
uniquely characteristic inactivation data.  Poliovirus
generally showed a slow inactivation rate and was the most
persistent under both HDF and WC conditions.  HAV generally
exhibited either curvilinear or linear response to iodine,
under both HDF and WC conditions.  HAV, under HDF
conditions, was generally the most sensitive to iodine
inactivation, while under WC conditions, HAV and echovirus
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were each most sensitive three out six conditions tested.
Echovirus 1 usually showed an initial large drop in titer
followed by a significant titer rebound, under both HDF and
WC conditions.  Disinfection behavior appeared to be
generally comparable to a virus type under uniform test
conditions  (e.g. pH, water temperature and iodine
concentration) in both HDF and WC conditions.
C. pH effects
Previous studies at U.N.C. and elsewhere have shown
that enterovirus inactivation by iodine is increased in
efficiency as pH increases (Oldham, 1988; Alverez and
O'Brien, 1982; Taylor and Butler, 1982; Cramer et al., 1976;
Hsu, 1964; Chang, 1958).  The research presented herein
corroborates these findings.  Under similar iodine
concentrations, as the pH increased, iodine inactivated the
three test viruses more rapidly in model WC water.
As discussed previously, pH affects the iodine species
present and the concentration of each species (Chang, 1958;
Gottardi, 1983).  Chang (1958) reports that HOI, which
predominates as the active iodine species above pH 8.5, is
many times more efficient as a virucide than elemental
iodine (I2).  As also reported, pH affects iodine residual
stability (Oldham, 1988; Gottardi, 1983; 1981; Cramer et
al., 1976; Chang, 1958).  The research presented in this
report supports the findings that under alkaline conditions
the active iodine species are less stable than under neutral
or acid conditions. At ph 9.5, iodine decayed more rapidly
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than iodine at either pH 4.5 or 7.0.  Under the conditions
tested, <12% of the initial iodine residual remained after
30 minutes at pH 9.5, compared to >60% of the initial
residual remaining after 60 minutes at pH 4.5 and 7.  Under
halogen demand free conditions, Oldham (1988) found similar
trends but not the degree of loss found here.
Hydrogen ion concentration (pH) effects are not limited
to iodine species and residual stability.  Colloidal
attraction forces (including virus, inorganic and organic
colloids) are affected by pH (Sharp, 1982; Moore et al.,
1981; Taylor et al., 1981; Bitton, 1980b; Gerba, 1980; Floyd
and Sharp, 1977 and 1976).   Negatively charged colloidal
particles are destabilized under conditions of increased
positive charge (i.e. decreased pH), and as the Zeta
potential decreases, the Stern layer is compacted and
particle aggregation is more likely to occur.  The general
trend is as pH decreases, colloidal particle aggregation
tends to increase (Gerba, 1980).
Research by Young and Sharp (1985) has shown that some
enteroviruses adapt different conformational forms under
differing pH conditions.  Their research has also shown that
virus infectivity and isoelectric points are influenced by
these conformational forms.
Single Particle Approximation (SPA) analysis was
performed by Alexander (1990) on hepatitis A virus,
poliovirus 1 and echovirus 1 under both halogen demand free
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(HDF) conditions and the worst case conditions modeled in
these iodine experiments.  The data presented was
interpreted to indicate that under HDF conditions at pH 4.5,
polio 1 and echo 1 and HAV were aggregated.  HAV was also
found to be aggregated at pH 7.0 and 9.5 under HDF
conditions.  Hepatitis A Virus was only tested under HDF
conditions.  Under model worst case conditions, polio 1 and
echo 1 were found not to be aggregated at pH 4.5, 7.0 or
9.5.  These results suggest that polio 1 and echo 1, under
the worst case conditions, were not aggregated to other
viruses or the inorganic and organic components.  At pH 4.5
this was an unexpected condition, while at pH 7.0 and 9.5 it
was more expected.  Alexander's findings suggest that the
iodine inactivation results were more dependent upon the
halogen demand qualities of the organic and inorganic
components rather than the possible protection from
colloidal aggregates.
D. Water Quality
Previous research has indicated that the lower the
water quality the less effective iodine is as a disinfectant
and virucide (Gottardi, 1983; Taylor and Butler, 1982;
Cramer et al., 1976; Berg, 1971; Stringer, O'Connor and
Kapoor, 1970; Hsu, Nomura and Kruse, 1966; Pond and Willard,
1937).  Oldham (1988) described iodine inactivation of HAV,
poliovirus 1 and echovirus 1 under prereacted iodine demand
free buffer conditions at pH of 4.5, 7.0 and 9.5 in 5° and
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25° C water at concentrations of approximately 8 and 16
mg/Qt iodine.  The effect of low water quality on iodine
virus inactivation can be observed, by comparing those
results with the results presented in this report.  The T99
and T99.99 values for HDF and model WC iodine disinfection
data are presented in Tables 6 through 9.
Comparisons reveal that under pH 4.5 conditions, the
three test viruses averaged larger T99 and T99.99 values
under WC conditions at iodine concentrations of both 8 and
16 mg/Qt than under HDF conditions.  Poliovirus 1 was the
most resistant under both HDF and WC conditions.  HAV was
most sensitive at the 8 mg/Qt iodine concentration under
both HDF and WC conditions while echo 1 was the most
sensitive at 16 mg/Qt iodine under both conditions.
Generally, T99 and T99.99 inactivation values were less
in prereacted HDF conditions than in dynamic WC conditions
in pH 7 buffered waters at both iodine concentrations.
However, HDF and WC T99 and T99.99 values from pH 7, 16
mg/Qt iodine concentration, were more similar than the pH 7,
8 mg/Qt iodine data.  This would indicate that once the
majority of the iodine demand is overcome than inactivation
rates are similar at pH 7.  Poliovirus 1 was the most
resistant virus to iodine inactivation under both
conditions. HAV was most sensitive virus at the 8 mg/Qt
iodine concentration under both HDF and WC conditions while
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echo 1 was the most sensitive virus at 16 mg/Qt iodine under
both conditions.
Under pH 9.5 conditions, WC and HDF 99% inactivation
values were similar in both iodine concentrations and 99.99%
inactivation values were similar in 8 mg/Qt iodine.  All
three viruses were observed to show 99.99% reduction in <15
minutes under both WC and HDF conditions at 8 mg/Qt iodine.
Under pH 9.5 conditions, 16 mg/Qt iodine WC buffered water,
99.99% reduction values were appreciably greater for polio
and HAV than under HDF conditions.  This is attributable to
iodine breakdown caused by alkaline conditions and increased
organic water content (Gottardi, 1981).  Echovirus showed
little difference between HDF and WC conditions at the 16
mg/Qt iodine concentration.
Retardant inactivation kinetics caused by residual
virus populations were much more pronounced under WC
conditions than HDF conditions at 8 mg/Qt iodine for echo 1
and HAV, particularly pH 7.0 and 9.5.  Differences were less
dramatic at the 16 mg/Qt iodine concentration.  These
results suggest that the halogen demand properties of the
added colloidal components (clay and organic acids) were
more important than their potential viral protection
properties.  The greater initial iodine concentration of 16
mg/Qt allowed a greater iodine residual to be present during
the experiments.
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The experiments presented in this report were not
performed at temperatures greater than 5° C, so little
inference can be made about increased temperature effects.
However, other research (Alexander, 1990; Oldham, 1988;
Farrah, 1986) has indicated that increased temperature
increases enterovirus inactivation.
E. Iodine Concentration
Previous research (Oldham, 1988; Farrah, 1986) has
indicated that increased iodine concentration generally
increases virus inactivation rates under halogen demand free
conditions.  Farrah reported on iodine inactivation of
poliovirus 1, coxsackievirus B5, echovirus 5 and
bacteriophage MS2 under acid conditions ranging from pH 3.7
to 5.  He found that doubling the iodine concentration
increased inactivation rates of the viruses tested, under
conditions tested.  Oldham found generally similar results
at pH levels ranging from 4.5 to 9.5 but concluded that the
rates of increase were not significant.
Worst case iodine disinfection trials at pH 4.5 and
7.0, exhibited more rapid inactivation rates with an initial
iodine concentration of 16 mg/Qt compared to the trials with
an initial iodine concentration of 8 mg/Qt.  oldham (1988)
reported a decreased rate of HAV inactivation under greater
iodine concentrations in HDF buffer at pH 4.5.  This was not
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the case under WC conditions for HAV, poliovirus 1 or
echovirus 1.
At pH 9.5 under WC conditions, HAV and poliovirus 1,
showed reduced level of inactivation at an initial iodine
concentration of 16 mg/Qt compared to an initial iodine
concentration of 8 mg/Qt.  This is attributable to iodine
reaction with the organic (humic and fulvic) acids leading
to iodate formation (Gottardi, 1983; 1981) [see Literature
Review:  B.l. Halogen Disinfection Efficiency; E. Iodine].
The initial data points (20 seconds and 1 minute) for 8 mg
and 16 mg/Qt iodine experiments performed at pH 9.5 under WC
conditions are similar.  Gottardi (1981) estimates it would
take approximately one minute to form iodate at this pH.
After reviewing data of Oldham (1988), there is some
indication that a similar effect occurred under HDF
conditions.  Under HDF conditions, iodate formation would
have been reduced because the only organic component in the
test sample would have been from the vims preparation.
F. Virus Inactivation Kinetics by Iodine
First order reaction kinetics do not realistically
model the virus inactivation data of some of the experiments
for some of the viruses.  This is apparent because the r^
values for linear regression analysis of log^Q Nt/NO versus
time are less than 0.80 and visual inspection of the plotted
data show that the data do not plot linearly.  The main data
weakness is that the majority of data was collected in the
115
first ten minutes of the trial.  The experiments were
designed this way because it was thought that the 4 log
reduction might occur in the initial ten minutes of the
experiments.  This segment of the curve, therefore, has
greater resolution than the last fifty minutes of the curve.
Much of the data collected during the pH 4.5 and 7.0 trials,
however, empirically show that the T99 and T99.99 values are
greater than thirty minutes.  In fact, these data tend to
obscure the fundamental research objective:  "Will HAV,
polio 1 and echo 1 survive iodine inactivation in modeled
worst case water longer than thirty minutes?"  Nonlinear
inactivation kinetics occurring in the initial ten minutes
of the trials do not affect the assumption that one virus
particle can infect an individual. Rebound and retardant
inactivation phenomena that occurred in the experiments
should be further studied, but the data show that the
viruses often survive greater than thirty minutes under acid
and neutral WC water conditions.
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Table 6:  T99 values (in minutes) in -8 mg/L iodine
VIRUS         pH HDF            WC
i     HAV 4.5 <16.4 68.3      17.0 <0.6 0.9
9.5 <0.2 <0.3
POLIO 1 4.5 »60.0 258.3*
7.0 59.7 137.6
9.5 0.7 1.3
1     ECHO 1 4.5 63.7 175.0*
7.0 <22.5 <0.3
9.5 1.8 2.1     1
Table 7:  T99 values (in minutes) in -16 mg/L iodine
VIRUS pH HDF WC       1
HAV 4.5 26.0 45.7     1
7.0 <0.7 0.6
9.5 <0.2 <0.3
POLIO 1 4.5 69.0 137.1*
7.0 <38.7 37.7
9.5 0.8 8.3
ECHO 1 4.5 38.4 33.6*
7.0 <6.7 8.3
9.5 <1.2 0.7
* T99 values generated from regression analysis with data
points omitted.
Halogen demand free (HDF) virus inactivation data from
Oldham (1988).
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TABLE 8:  T99.99 values (in minutes) in -8 mg/L iodine
VIRUS PH HDF wc     1
HAV 4.5 <35.3 144.7     1
7.0 <1.4 90.6
9.5 <0.4 2.9
POLIO 1 4.5 »60.0 519.1*
7.0 »60.0 289.5*
9.5 <4.9 12.6
ECHO 1 4.5 >60.0 351.5*
7.0 <33-9 57.2
9.5 2.9 9.2     1
Table 9:  T99.99 values (in minutes) in -16 mg/L iodine
VIRUS pH HDF WC
HAV 4.5 61.0 100.2     1
7.0 <1.0 1.3
9.5 <0.3 40.8
POLIO 1 4.5 »60.0 279.0*
79.87.0 >60.0
9.5 15.3 63.0
ECHO 1 4.5 58.0 68.5*
7.0 <11.4 27.2
9.5 <9.0 8.9     1
* T99 values generated from regression analysis with data
points omitted.
Halogen demand free (HDF) virus inactivation data from
Oldham (1988).
VI. CONCLUSIONS
1) Iodine stability was reduced as ph increased,
particularly at alkaline (pH 9.5) values.
2) Iodine stability was reduced by increased halogen
demand concentration.  The general trend in iodine stability
(most to least stable) was:
HDF Control >    Worst Case Control > Virus Test Sample.
3) Virus inactivation was dependent upon virus type.
Poliovirus 1 was most resistant to iodine inactivation under
all conditions tested.  HAV and echovirus 1 were most
sensitive to iodine inactivation under varying conditions.
4) Virus inactivation was dependent upon water quality.
Increased iodine demand led to reduced enterovirus
inactivation.
5) Virus inactivation was dependent upon pH.  Increased pH
led to increased virus inactivation.
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6) Virus inactivation was dependent upon iodine
concentration.  Increased iodine concentration at pH 4.5 and
7, tended to increase virus inactivation.  However,
increased iodine concentration, at pH 9.5 under model worst
case conditions, led to reduced HAV and poliovirus 1
inactivation.
7) First-order reaction kinetics did not represent
enterovirus inactivation kinetics well.  Inactivation
kinetics appeared to be virus type and pH dependant.
Continued research into enterovirus inactivation kinetics is
indicated, particularly to elucidate nonlinear kinetic
phenomena that occurred upon early iodine contact (initial
ten minutes).
8) In order to maximize iodine inactivation of viruses,
globaline should be buffered to a neutral or slightly
alkaline condition (pH 7 to 8), with an increase in iodide
concentration to allow liberation of 10 mg/Qt iodine.  The
increased iodine concentration would compensate for low
water quality with halogen demand characteristics and
prevent serious iodine degradation caused by extreme
alkaline pH values.  Slight alkaline buffering would allow
iodine hydrolysis to approximately 50% elemental iodine (I2)
and 50% hypoiodous acid (HOI).  Maximum active iodine
species would then be available for enteroviruses, bacteria
and cyst inactivation.
Appendix A
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Maintenance Medium (Oldham, 1988)
Per 100 ml of IX Eagles Modified Essential Medium:
Fetal Calf Serum (heat inactivated) 2.0 ml
L+ Glutamine (200 mM) 1.0 ml
Sodium Bicarbonate (7.5%) 1.5 ml
Hepes (1.5 M) 1.0 ml
Non-essential Amino Acids (lOOX) 1.0 ml
Antibiotics (Gentamicin/Kanamycin lOOX) 1.0 ml
Nystatin (as needed)                 1.0 - 3.0 ml
Nutrients can be prepared in advance in the proper amounts
and frozen to facilitate use.
HAV Diluent (Oldham, 1988)
Per 100 ml of Eagles Modified Essential Medium:
Sodium Bicarbonate (7.5%) 1.5 ml
Hepes (1.5 M) 1.0 ml
Antibiotics (Gentamicin/Kanamycin lOOX) 1.0 ml
Nystatin (as needed)                 1.0 - 3.0 ml
Anti-polio serum 0.1 ml
Anti-echo serum 0.1 ml
Diluent can be prepared in advance in the proper aliquots
and frozen to facilitate use.
Poliovirus and Echovirus Diluent (Oldham, 1988)
Per 100 ml of Phosphate Buffered Saline:
Fetal Calf Serum (heat inactivated) 2.0 ml
Antibiotics (Gentamicin/Kanamycin lOOX) 1.0 ml
Nystatin (as needed)                 1.0 - 3.0 ml
Anti-polio serum (if echo diluent) 0.1 ml
Anti-echo serum (if polio diluent) 0.1 ml
Diluent can be prepared in advance in the proper aliquots
and frozen to facilitate use.
Appendix B
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Organic Acids Calibration Curve (Alexander, 1990)
A 50 mg/L stock solution of humic and fulvic acids was
prepared from individual 500 mg/L humic and fulvic acids
solutions by adding 1 part of a 1:1 mixture of humic and
fulvic acids per 9 parts HDF buffer.  This stock solution
was diluted and the Absorbance values at 254 nm were
recorded for the dilutions.  The calibration curve is below.
AbS254
0.643
0.510
0.380
0.262
0.167
0.040
0.031
This calibration curve has a r^ value of 0.998.  From
this regression, it was determined that acceptable
concentrations were between 0.255 (9.5 mg/L) and 0.280 (10.5
mg/L) Absorbance units with a target concentration of 0.268
Absorbance units (10 mg/L).
ds + buffer Dilution mg
1+1 1:2 25
1+1.5 1:2.5 20
1+2.3 1:3.3 15
0.5+2.0 1:5 10
0.2+1.8 1:10 5
0.1+4.9 1:50 1
0.05+4.95 1:100 0
Appendix C
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DPD (N,N-Diethyl-p-phenylenediamine) CALIBRATION WITH
POTASSIUM BI-IODATE (Oldham, 1988)
I. PREPARATION STOCK KHf103)2-
A. Dissolve 128.0 mg 101(103)2  ͣ" ͣ" ͣ' ͣ°° ^-^ ^^^ water
in 100 ml HDF volumetric flask.
B. Dilute solution 1:100 (1 ml sol. + 99 ml HDF
water) in HDF volumetric flask.
II. STANDARD CURVE CALIBRATION:  (Optimum DPD curve
calibration is between 0.18 and 14.31 mg/L iodine)
A. Choose at least 6 calibration points,
bracketing expected experimental iodine
concentration.
B. Prepare calibration sample solutions as
follows:
1. Combine in 50 ml HDF volumetric flask:
1.0  ml 0.1 N HCL
1.0  ml 5% KI
X* ml stock 101(103)2
2. Let stand 5 minutes, protected from light
(a yellow color will develop).
3. Add 1.0 ml pH 8 phosphate buffer
4. Bring to 50.0 ml total volume with HDF
water.
C. Perform DPD analysis.
III. DPD ANALYSIS;
A. Combine in HDF test tube:
0.5 ml DPD buffer
0.5 ml DPD indicator reagent
10.0 ml calibration (or
experimental) sample
B. Measure and record absorbance at 515 nm.
X ml of stock 101(103)2 = X mg/L Ij in calibration
sample (e.g. use 2 ml 101(103)2 stock for calibration
sample containing 2 mg/L iodine concentration).
Appendix  D
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TABTiE 1
**************************************************     1
Iodine Concentrations In pH 4.5 Experiments
**************************************************     1
EXPERIMENT 1 (~ 8 mg/Qt)
TIME (itiin) HDF CONTROL WC CONTROL TEST SAMPLE
0 8.5 ND ND
0.5 ND 5.8 ND
30 8.2 5.0 5.9
60 8.2 4.7 4.1
EXPERIMENT 2 (~ 8 mg/Qt)
TIME (min) HDF CONTROL WC CONTROL TEST SAMPT,E
0 8.1 ND ND
0.5 ND 6.4 ND
30 7.9 5.9 5.5
60 7.5 5.7 5.1
EXPERIMENT 1 & 2 average (~8 mg/Qt)
TIME (min) HDF CONTROL WC CONTROL TEST SAMPLE
0 8.3 ND ND
0.5 ND 6.1 ND
30 8.0 5.5 5.7
60 7.8 5.2 4.6
**************************************************
EXPERIMENT 3 (~ 16 mg/Qt)
TIME (min) HDF CONTROL WC CONTROL TEST SAMPLE
0 15.4 ND ND
0.5 ND 14.2 ND
30 15.4 13.8 13.5
60 15.0 13.5 12.8
EXPERIMENT 4 (~ 16 mg/Qt)
TIME (min) HDF CONTROL WC CONTROL TEST SAMPLE
0 15.6 ND ND
0.5 ND 13.9 ND
30 15.1 13.7 12.5
60 14.9 12.9 11.8
EXPERIMENT 3 & 4 average (-16 mg/Qt)            1
TIME (min) HDF CONTROL WC CONTROL TEST SAMPLE
0 15.5 ND ND
0.5 ND 14.1 ND
30 15.2 13.7 13.0
60 14.9 13.2 12.3
128
TABT.E 2
**************************************************     1
Iodine Concentrations In pH 7.0 Experiments
**************************************************     1
EXPERIMENT 5 (~ 8 mg/Qt)
TIME (min) HDF CONTROL WC CONTROL TEST SAMPLE
0 8.4 ND ND
0.5 ND 6.9 ND
30 8.2 5.7 5.3
60 8.0 5.4 4.6
EXPERIMENT 6 (~ 8 mg/Qt)
TIME (min) HDF CONTROL wc CONTROL TEST SAMPLE
0 8.2 ND ND
0.5 ND 6.8 ND   •
30 8.1 5.7 5.4
60 7.8 5.1 4.8
EXPERIMENT 5 & 6 average (~8 mg/Qt)
TIME (min) HDF CONTROL WC CONTROL TEST SAMPLE
0 8.3 ND ND
0.5 ND 6.8 ND
30 8.1 5.7 5.4
60 7.9 5.2 4.7
**************************************************
EXPERIMENT 7 (~ 16 mg/Qt)
TIME (min) HDF CONTROL WC CONTROL TEST SAMPLE
0 16.0 ND ND
0.3 ND 13.8 ND
30 15.7 12.5 11.5
60 15.0 11.7 10.7
EXPERIMENT 8 (~16 mg/Qt)
TIME (min) HDF CONTROL WC CONTROL TEST SAMPLE
0 15.2 ND ND
0.5 ND 11.9 ND
30 14.8 11.4 10.4
60 14.4 10.9 7.3
EXPERIMENT 7 & 8 average (-16 mg/Qt)            1
TIME (min) HDF CONTROL WC CONTROL TEST SAMPLE
0 15.6 ND ND
0.4 ND 12.8 ND
30 15.2 11.9 11.0
60 14.7 11.3 9.0
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TABLE 3
**************************************************
Iodine Concentrations In pH 9.5 Experiments
**************************************************
TIME (min)
0
0.5
30
60
EXPERIMENT
HDF CONTROL
9.4
ND
7.6
6.0
9 (~8 mg/Qt)
WC CONTROL
ND
5.9
3.4
2.4
TEST SAMPLE
ND
ND
< 0.5
< 0.5
TIME (min)
0
0.5
30
60
EXPERIMENT 10 (~8 mg/Qt)
HDF CONTROL   WC CONTROL
8.3            ND
ND           5.3
7.1           3.3
6.0           2.5
TEST SAMPLE
ND
ND
< 0.5
< 0.5
EXPERIMENT 9 & 10
TIME (min)  HDF CONTROL
0         8.8
0.5         ND
30         7.4
60         6.0
average (-8 mg/Qt)
WC CONTROL  TEST SAMPLE
ND           ND
5.6           ND
3.3         < 0.5
2.5         < 0.5
**************************************************
TIME (min)
0.5
15
30
EXPERIMENT 11 (-16 mg/Qt)
HDF CONTROL  WC CONTROL
16.6           ND
ND           13.9
14.5          11.0
13.0           9.7
TEST SAMPLE
ND
ND
ND
3.0
TIME (min)
0
0.5
15
30
EXPERIMENT 12 (-16 mg/Qt)
HDF CONTROL  WC CONTROL
14.9           ND
ND           12.1
12.1           9.3
10.7           7.9
TEST SAMPLE
ND
ND
ND
< 0.5
EXPERIMENT 11 & 12
TIME (min)  HDF CONTROL
0         15.7
0.5         ND
15         13.3
30         11.8
average (-16
WC CONTROL
ND
13.0
10.2
8.8
mg/Qt)
TEST SAMPLE
ND
ND
ND
< 1.8          1
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TABT,E 4
**************************************************
Average Percent Iodine Remaining: pH 4.5
**************************************************     1
(8.3 mg/Qt)
TIME (min) HDF CONTROL WC CONTROL TEST SAMPT.E
•  ͣ     ° 100 ND ND
0.5 ND 73 ND
30 97 65 68
60 94
(15.5
62
mg/Qt)
55
TIME (min) HDF CONTROL WC CONTROL TEST SAMPLE
0 100 ND ND
0.5 ND 91 ND
30 98 89 84
60 96 85 80
**************************************************
Average Percent Iodine Remaining: pH 7.0
**************************************************     1
(8.3 mg/Qt)
TIME (min) HDF CONTROL WC CONTROL TEST SAMPLE
0 100 ND ND
0.5 ND 83 ND
30 99 69 65
60 96
(15.6
63
mg/Qt)
57
TIME (min) HDF CONTROL WC CONTROL TEST SAMPLE
0 100 ND ND
0.4 ND 82 ND
30 98 77 71
60 95 72 58
**************************************************
Average Percent Iodine Remaining: pH 9.5
**************************************************     1
(8.8 mg/Qt)
TIME (min) HDF CONTROL WC CONTROL TEST SAMPTiE
0 100 ND ND
0.5 ND 63 ND
30 84 38 < 6
60 68
(15.7
28
mg/Qt)
< 6
TIME (min) HDF CONTROL WC CONTROL TEST SAMPLE
0 100 ND ND
0.5 ND 83 ND
15 85 65 ND
30 75 56 < 11
TABLE 5  INACTIVATION OF HAV, POLIO 1 AND ECHO 1 BY 1 TABLET/QUART IODINE AT pH 4.5 AND 5C
IN WORST CASE WATER
AVG 12 CONCENTRATION 0'= 8.8 mg/L   AVG HUMIC-FULVIC CONC= 9.9
==================;
mg/L           :
60' = 4.9 mg/L   AVG BENTONITE CLAY= 5.1 NTU
:       VIRUS = HAV
AVG LOG AVG       :
:        SAMPLE PFU/ML Nt/No PFU /ML Nt/No Nt/No Nt/No       :
:       TS-20" 1.11E+03 1.57E+00 1.10E+03 9.46E-01 1.26E+00 0.10        :
:       TS-1' 4.80E+02 6.78E-01 4.44E+02 3.80E-01 5.29E-01 -0.28       :
J       TS-3' 3.00E+02 4.24E-01 3.60E+02 3.08E-01 3.66E-01 ͣ0.44        :
:     TS-10' 1.20E+02 1.69E-01 1.20E+02 1.03E-01 1.36E-01 -0.87       :
:      TS-30' 8.40E+01 1.19E-01 7.20E+01 6.17E-02 9.02E-02 -1.04       :
:      TS-60' 1.80E+01 2.54E-02 1.80E+01 1.54E-02 2.04E-02 -1.69       :
:      AVG VC 7.08E+02 1.17E+03
:      VC-0' 6.66E+02 1.22E+03
:       VC-60' 7.50E+02 1.11E+03
:      VIRUS= POLIO 1
AVG LOG AVG       :
:        SAMPLE PFU/ML Nt/No PFU /ML Nt/No Nt/No Nt/No       :
:       TS-20" 3.60E+03 5.02E-01 4.08E+03 4.87E-01 4.95E-01 -0.31       :
:      TS-T 4.38e+03 6.11E-01 4.02E+03 4.80E-01 5.46E-01 -0.26       :
:      TS-3' 4.14E+03 5.77E-01 4.68E+03 5.59E-01 5.68E-01 -0.25       :
!       TS-10' 3.78E+03 5.27E-01 3.60E+03 4.30E-01 4.79E-01 -0.32       :
:      TS-30' 4.38E+03 6.11E-01 3.54E+03 4.23E-01 5.17E-01 -0.29       :
:       TS-60' 3.00E+03 4.18E-01 2.34E+03 2.80E-01 3.49E-01 -0.46       :
AVG VC 7.18E+03 8.38E+03
:       VC-0' 7.45E+03 . 8.41E+03
:      VC-60' 6.91E+03 8.35E+03
:================ =3= = ========== ========================:==================:
:                 VIRUS = ECHO 1
A\« LOG AVG       :
:        SAMPLE PFU/ML Nt/No PFU /ML Nt/No Nt/No Nt/No       :
:       TS-20" 1.31E+03 1.05E-01 1.41E+03 1.91E-02 6.20E-02 -1.21        :
:       TS-1' 3.60E+03 2.89E-01 1.34E+03 1.81E-02 1.54E-01 -0.81        :
:      TS-3' 8.29E+03 6.65E-01 4.75E+03 6.42E-02 3.65E-01 -0.44       :
S       TS-10' 1.49E+04 1.19E+00 1.48E+04 2.00E-01 6.96E-01 -0.16       :
:      TS-30' 7,03E+03 5.64E-01 2.67E+04 3.61E-01 4.62E-01 -0.34       :
:      TS-60' 4.08E+03 3.28E-01 5.23E+03 7.07E-02 1.99E-01 -0.70       :
:      AVG VC 1.25E+04 7.39E+04
:       VC-0' 1.32E+04 5.27E+04
:       VC-60' 1.17E+04
=s=ar=s====
9.52E+04
S£ss:==s=s:sss=s=ss==;
TABLE 6  INACTIVATION OF HAV, POLIO 1 AND ECHO 1 BY 2 TABLETS/QUART IODINE AT pH 4.5 AND 5C
IN WORST CASE WATER
AVG 12 CONCENTRATION 0'=  16 4 mg/L   AVG HUMIC-FULVIC CONC= 10.4 mg/L           :
60'=  13 0 mg/L   AVG BENTONITE
==========S
CLAY= 5.5 NTU
VIRUS = HAV
AVG LOG AVG       :
SAMPLE PFU/ML Nt/No PFU /ML Nt/No Nt/No Nt/No        :
TS-20" 2.82E+03 6.91E-01 3.86E+03 1.01E+00 8.52E-01 -0.07       :
TS-V 1.80E+03 4.41E-01 2.58E+03 6.77E-01 5.59E-01 -0.25        :
TS-3' 6.72E+02 1.65E-01 1.20E+03 3.15E-01 2.40E-01 -0.62       :
TS-10' 2.28E+02 5.58E-02 3.60E+02 9.45E-02 7.52E-02 -1.12       :
TS-30' 6.60E+01 1.62E-02 1.14E+02 2.99E-02 2.30E-02 -1.64       :
TS-60' 6.00E+00 1.47E-03 3.00E+01 7.87E-03 4.67E-03 -2.33       :
AVG VC 4.08E+03 3.81E+03
VC-0' 5.41E+03 3.96E+03
VC-60' 2.76E+03 3.66E+03
;===sr= ============================== ========================= =================:
VIRUS= POLIO 1
AVG LOG AVG       :
SAMPLE PFU/ML Nt/No PFU /ML Nt/No Nt/No Nt/No       :
TS-20" 1.27E+04 3.53E-01 1.12E+04 6.85E-01 5.19E-01 -0.28       :
TS-1' 1.05E+04 2.91E-01 1.26E+04 7.66E-01 5.29E-01 -0.28       :
TS-3' 1.13E+04 3.13E-01 1.00E+04 • 6.12E-P1 4.62E-01 -0.33        :
TS-10' 1.20E+04 3.33E-01 1.27E+04 7.77E-01 5.55E-01 -0.26       :
TS-30' 6.91E+03 1.92E-01 6.31E+03 3.85E-01 2.88E-01 -0.54       :
TS-60' 1.80E+03 4.99E-02 3.48E+03 2.12E-01 1.31E-01 -0.88       :
AVG VC 3.61E+04 1.64E+04
VC-0' 3.64E+04 1.71E+04
VC-60' 3.58E+04 1.57E+04
VIRUS - ECHO 1
AVG LOG AVG'      :
SAMPLE PFU/ML Nt/No PFU /ML Nt/No Nt/No Nt/No       :
TS-20" 9.85E+03 1.28E-01 6.01E+03 7.48E-02 1.02E-01 -0.99       :
: TS-1' 3.64E+04 . 4.74E-01 1.58E+04 1.97E-01 3.36E-01 -0.47       :
TS-3' 5.RflE+04 7.67E-01 6.26E+04 7.80E-01 7.73E-01 -0.11       :
TS-10' 3.45E+04 4.51E-01 2.97E+04 3.70E-01 4.10E-01 -0.39       :
TS-30' 2.40E+02 3.13E-03 4.50E+02 5.60E-03 4.37E-03 -2.36       !
TS-60' 4.80E+01 6.26E-04 3.60E+01 4.4«E-04 5.37E-04 -3.27       :
AVG VC 7.67E+04 8.03E+04
VC-0' 7.27E+04 7.58E+04
ͣsss==:
VC-60' 8.06E+04
==============
8.48E+04
============== ==============:;===s====s======rs:
TABLE 7  INACTIVATION OF HAV, POLIO 1 AND ECHO 1 BY 1 TABLET/QUART lOOINE AT pH 7.0 AND 5C
IN WORST CASE WATER
AVG 12 CONCENTRATION 0'= 8.8 mg/L AVG HUMIC-
==============
FULVIC CONC= 9 .5 mg/L        :
60' = 5.0 mg/L AVG BENTONITE CLAY= 5.4 NTU            :
:        VIRUS = HAV
AVG LOG AVG       :
:        SAMPLE PFU /ML Nt/No PFU /ML Nt/No Nt/No Nt/No       :
:       TS-20" 1.56E+03 2.52E-01 5.12E+02 1.13E-01 1.83E-01 -0.74        :
:  .     TS-1' 6.46E+01 1.04E-02 9.23E+00 2.04E-03 6.24E-03 -2.20        :
:       TS-3' < 4.62E+00 < 7.47E-04 4.62E+00 1.02E-03 < 8.83E-04 > -3.05        :
I       TS-10' 1.39E+01 2.24E-03 4.62E+00 1.02E-03 1.63E-03 -2.79       :
:       T$-30' 2.31E+01 3.73E-03 4.62E+00 1.02E-03 2.37E-03 -2.62       :
:       TS-60' 9.23E+00 1.49E-03 < 4.62E+00 < 1.02E-03 < 1.26E-03 > -2.90       :
S       AVG VC 6.19E+03 4.53E+03
:               vc-0' 6.43E+03 3.18E+03
:       VC-60' 5.95E+03 5.89E+03
^^^m^^m^^^^^mm^^i^ «ikAB*rii*«^dBAaa^^aiiaaa*^*aA^ato^MH*rt A* m
:               VIRUS= POLIO 1
ͣ^^^^^^^^^^^^
AVG LOG AVG      :
:        SAMPLE PFU /ML Nt/No PFU /ML Nt/No Nt/No Nt/No       :
:       TS-20" 1.09E+04 3.80E-01 1.78E+04 4.20E-01 4.00E-01 -0.40       :
!       TS-V 9.67E+03 3.36E-01 1.60E+04 3.77E-01 3.56E-01 -0.45       :
:       TS-3' 1.09E+04 3.80E-01 1.35E+04 3.19E-01 3.49E-01 -0.46       !
:       TS-10' 8.53E+03 2.96E-01 1.24E+04 2.93E-01 2.95E-01 -0.53       :
:       TS-30' 7.93E+03 2.75E-01 9.25E+03 2.18E-01 2.47E-01 -0.61       :
:       TS-60' 4.02E+03 1.40E-01 3.96E+03 9.34E-02 1.17E-01 -0.93       :
:       AVG VC 2.88E+04 4.24E+04
:               vc-C 3.03E+04 4.79E+04
:       VC-60' 2.73E+04
^^ ͣ^^ ͣͣ«a<H>v^^^^
3.70E+04
:       VIRUS = ECHO 1
^^^ ͣ^ ͣ^^ ͣͣA^^^flBMk^a^
AVG LOG AVG      :
:        SAMPLE PFU /ML Nt/No PFU /ML Nt/No Nt/No Nt/No       :
S        TS-20" 5.40E+D2 6.65E-03 8.82E+02 9.02E-03 7.83E-03 -2.11        :
:       TS-1' 2.10E+03 2.59E-02 6.25E+03 6.39E-02 4.49E-02 -1.35       :
:        TS-3' 2.73E+04 3.36E-01 5.09E+04 5.20E-01 4.28E-01 -0.37       :
!       TS-10' 3.21E+04 3.95E-01 4.55E+04 4.65E-01 4.30E-01 -0.37       :
:       TS-30' 8.80E+01 1.08E-03 3.69E+01 3.//E-04 7.30E-04 -3.14       :
:      TS-60' < 4.62E+00 <  5.69E-05 1.39E+01 1.42E-04 > 9.93E-05 > -4.00       :
:       AVG VC 8.13E+04 9.78E+04 :
:       VC-0' 8.25E+04 8.06E-^04
:       VC-60' 8.00E+04 1.15E+05
:=====================ssss
TABLE 8  INACTIVATION OF HAV, POLIO 1 AND ECHO 1 BY 2 TABLETS/QUART IODINE AT pH 7.0 AND 50
IN WORST CASE WATER
AVG 12 CONCENTRATION 0'= 16.5 mg/L AVG HUMIC-FULVIC CONC= 10.4 mg/L       :
60' = 9.5 mg/L AVG BENTONITE CLAY= 5.5 NTU           :
:       VIRUS = HAV
AVG LOG AVG      :
:       SAMPLE PFU /ML Nt/No PFU /ML Nt/No Nt/No Nt/No       :
;       TS-20" 1.39E+01 2.80E-03 1.14E+02 3.55E-02 1.92E-02 ͣ1.72       s
:       TS-1' < 4.65E+00 < 9.38E-04 < 4.65E+00 < 1.45E-03  < 1.19E-03 > -2.92        :
:       TS-3'
:       TS-10'
:      TS-30'
: ͣ     TS-60'
:       AVG VC 4.95E+03 3.21E+03
:       VC-0' 4.08E+03 3.36E+03
:       VC-60' 5.83E+03 3.06E+03
:      VIRUS= POLIO 1
AVG LOG AVG      :
:       SAMPLE PFU /ML Nt/No PFU /ML Nt/No Nt/No Nt/No       :
:       TS-20" 2.79E+04 5.94E-01 1.06E+04 2.68E-01 4.31E-01 -0.37       :
:       TS-1' 1.44E-^04 3.07E-01 1.03E+04 2.60E-01 2.84E-01 -0.55        :
:       TS-3' 9.91E+03 2.11E-01 1.03E+04 2.59E-01 2.35E-01 -0.63        :
:      TS-10' 4.86E-''03 1.04E-01 5.95E+03 1.50E-01 1.27E-01 -0.90       :
:      TS-30' 7.52E+02 1.60E-02 1.01E+03 2.55E-02 2.07E-02 -1.68       :
:       TS-60' 2.77E+01 5.90E-04 5.54E+01 1.40E-03 9.93E-04 -3.00       :
:      AVG VC 4.70E+04 3.97E+04
:      VC-0' 5.27E+04 3.70E+04
:       VC-60' 4.12E-)-04 4.24E+04
:       VIRUS = ECHO 1
AVG LOG AVG      :
SAMPLE PFU /ML Nt/No PFU /ML Nt/No Nt/No Nt/No      :
:       TS-20" 4.63E+03 6.18E-02 1.98E+03 3.01E-02 4.60E-02 -1.34       :
:      TS-1' 2.79E+04 3.72E-01 1.45E+04 2.21E-01 2.97E-01 -0.53      :
:       TS-3' 1.82E+04 2.43E-01 2.97E+04 4.52E-01 3.47E-01 -0.46       :
:      TS-10' 6.93E+01 9.26E-04 3.51E+02 5.34E-03 3.13E-03 -2.50     . :
TS-30' < 4.62E+00 < 6.17E-05 < 4.62E+00 < 7.02E-05 6.59E-05 > -4.18       :
:      TS-60'
:      AVG VC 7.48E+04 6.58E+04
!      VC-0' 7.03E+04 6.06E+04
:      VC-60' 7.94E-f04
sassssssssssss
7.09E+04
:=s====;:=:=3=3=3=
TABLE 9  INACTIVATION OF HAV, POLIO 1 AND ECHO 1 BY 1 TABLET/QUART IODINE AT pH 9.5 AND 5C
IN WORST CASE WATER
AVG 12 CONCENTRATION 0'=
=============
9.3 mg/L AVG HUHIC- FULVIC CONC= 9.8 mg/L        :
60' = <0.5 mg/L AVG BENTONITE CLAY= 4.9 NTU           •
:       VIRUS = HAV
AVG . LOG AVG      :
:       SAMPLE PFU /ML Nt/No PFU /ML Nt/No Nt/No Nt/No       :
:       TS-20" 1.64E+00 2.47E-04 1.64E+00 3.03E-04 2.75E-04 -3.56       :
TS-1' 1.64E+00 2.47E-04 1.64E+00 3.03E-04 2.75E-04 -3.56       :
:       TS-3' < 1.64E+00 < 2.47E-04 < 1.64E+00 < 3.03E-04 < 2.75E-04 > -3.56       :
:                TS-10'
:      TS-30'
:      TS-60'
:       AVG VC 6.65E+03 5.41E+03
:      VC-0' 7.73E+03 5.83E+03
:       VC-60' 5.58E+03 4.99E+03
: =ss=:=======s=:=== ==:=========sssss=sssss=:s=s ============= ==========£==============;:==================:
:       VIRUS= POLIO 1
AVG LOG AVG      :
:      SAMPLE PFU /ML Nt/No PFU /ML Nt/No Nt/No Nt/No       :
:       TS-20" 9.48E+02 7.21E-02 9.24E+02 6.52E-02 6.86E-02 ͣ1.16        :
:      TS-1' 1.68E+02 1.28E-02 2.16E+02 1.52E-02 1.40E-02 -1.85       :
:      TS-3' < 1.20E+01 < 9.12E-04 3.60E+01 2.54E-03 < 1.73E-03 > -2.76       !
:       TS-10' < 1.20E+01 < 9.12E-04 1.20E+01 8.47E-04 < 8.79E-04 > -3.06
:      TS-30' < 1.20E+01 < 9.12E-04 < 1.20E+01 < 8.47E-04 < 8.79E-04 > -3.06       :
s                  TS-60' :
:       AVG VC 1.32E+04 1.42E+04
:               VC-0' 1.38E+04 1.42E+04
:       VC-60' 1.25E+04
ISSSSSSSHSESSS
1.42E+04
:       VIRUS =
^ ^ ^ ^ «ft ͣ«» V* • ͣ* ͣͣ ^Hfl ͣ« H
ECHO 1
m^^^^^mmmmtmim^m^^^^
AVG LOG AVG      :
:       SAMPLE PFU /ML Nt/No PFU /ML Nt/No Nt/No Nt/No       :
TS-20" 9.33E+04 1.18E+00 9.70E+04 1.04E+00 1.11E+00 0.04        :
:       TS-1' 3.03E+04 3.82E-01 1.20E+04 1.29E-01 2.55E-01 -0.59       :
:      TS-3' 4.80E+01 6.05E-04 6.00E+01 6.43E-04 6.24E-04 -3.21       :
t       TS-10' < 1.20E+01 < 1.51E-04 1.20E+01 1.29E-04 < 1.40E-04 > -3.85       :
:       TS-30' 1.20E+01 1.51E-04 < 1.20E+01 < 1.29E-04 < 1.40E-04 > -3.85        :
:      TS-60'
:      AVG VC 7.94E+04 9.33E+04
:      VC-0' 6.79E+04 7.27E+04
:      VC-60'
:rsas==sss=====ss
9.09E+04 1.14E+05
===s==-==s=-=3:s:=s=-;
ͣA
TABLE 10  INACTIVATION OF HAV, POLIO 1 AND ECHO 1 BY 2 TABLETS/QUART IODINE AT pH 9.5 AND 5C
IN WORST CASE WATER
AVG 12 CONCENTRATION 0'= 16.6 mg/L
============
AVG HUMIC- FULVIC C0NC=9.8 mg/L         :
30' = <1.9 mg/L AVG BENTONITE CLAY= 4.8 NTU             ;
:       VIRUS = HAV
AVG
:
LOG AVG      :
:       SAMPLE PFU /ML Nt/No PFU /ML Nt/No Nt/No Nt/No       :
:       TS-20" 1.6AE+00 1.49E-04 1.64E+00 1.30E-04 1.40E-04 •3.86       :
:       TS-1' 1.64E+00 1.49E-04 < 1.64E+00 < 1.30E-04 < 1.40E-04 > -3.86       :
:       TS-3' 3.29E+00 2.99E-04 1.64E+00 1.30E-04 2.15E-04 -3.67        :
!       TS-10' 6.58E+00 5.99E-04 1.64E+00 1.30E-04 3.64E-04 -3.44        :
!       TS-30' 1.64E+00 1.49E-04 6.58E+00 5.22E-04 3.35E-04 -3.47        ;
s       AVG VC 1.10E+04 1.26E+04
:       VC-0' 1.48E+04 1.21E+04
:       VC-30' 7.15E+03 1.32E+04
!       V1RUS= POLIO 1
AVG LOG AVG       :
:       SAMPLE PFU /ML Nt/No PFU /ML Nt/No Nt/No Nt/No
:       TS-20" 1.92E+02 1.53E-02 1.52E+03 1.37E-01 7.62E-02 -1.12        :
S       TS-1' 1.32E+02 1.05E-02 2.16E+02 1.94E-02 1.50E-02 ͣ1.82       :
:       TS-3' 3.36E+02 2.68E-02 4.20E4-02 3.78E-02 3.23E-02 -1.49       :
:       TS-10' 9.60E+01 7.65E-03 8.40E+01 7.56E-03 7.60E-03 -2.12       :
I       TS-30'
*
2.40E+01 1.91E-03 9.60E+01 8.64E-03 5.28E-03 -2.28       :
t
:       AVG VC 1.26E+04 1.11E+04 :
:       VC-0' 1.13E+04 1.33E+04
:       VC-30' 1.38E+04 8.89E+03
:       VIRUS = ECHO 1
AVG
:
LOG AVG      :
:       SAMPLE PFU /ML Nt/No PFU /ML Nt/No Nt/No Nt/No       :
TS-20" 8.36E+04 9.45E-01 6.79E+04 1.14E+00 1.04E+00 0.02       :
:       TS-1' 1.20E+01 1.36E-04 3.60E+01 6.06E-04 3.71E-04 -3.43       !
:       TS-3' 2.40E+01 2.71E-04 1.20E+01 2.02E-04 2.37E-04 -3.63       :
TS-10' < 1.20E+01 < 1.36E-04 < 1.20E+01 < 2.02E-04 < 1.69E-04 > -3.77       :
:       TS-30'
:       AVG VC 8.85E+04 5.94E+04
:
:
:       VC-C 8.12E+04 5.58E+04
:       VC-30' 9.58E+04
=:===========
6.30E+04
================================;
Appendix E
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Time Points used to simplify linear regression
pH 4.5, 8.3 mg/L
Virus Data Points used
(minutes)
T99 T99.99 r2
POLIO 1
ECHO 1
0*  30, 60
0 , 10, 30, 60
258.3
175.0
519.1
351.5
0.978
0.995
pH 4.5, 16. 4 mg/L
Virus Data Points used
(minutes)
T99 T99.99 r2
POLIO 1
ECHO 1
0*, 10, 30, 60
0*, 10, 30, 60
137.1
33.6
279.0
68.5
0.975
0.939
pH 7.0, 8.3 mg/L
Virus Data Points used
(minutes)
T99 T99.99 r2
POLIO 1 0*, 10, 30, 60 137.6 289.5 0.815
pH 7.0, 16. 5 mg/L
Virus Data Points used
(minutes)
T99 T99.99 r2
POLIO 1 0*, 10, 30, 60 37.7 79.8 0.980
* 0 time point was calculated by averaging the 0 and 60
minute Worst Case Virus Control titers.
BIBLIOGRAPHY
Alexander, L.K., "Inactivation of Hepatitis A Virus by
Free Chlorine in Water of Varying Quality,"
dissertation presented to the Department of
Parasitology and Laboratory Practice in the School of
Public Health,  University of North Carolina at Chapel
Hill, NC, in 1990, in partial fulfillment of the
requirements for the degree of Doctor of Public Health.
Alvarez, M.E. and O'Brien, R.T., "Mechanisms of Inactivation
of Poliovirus by Chlorine Dioxide and Iodine", Appl.
Environ. Microbiol.. Vol. 44, pp. 1064-1071, (Nov.
1982) .
Babich, H. and Stotzky, G., "Reductions in Activation Rates
of Bacteriophages by Clay Minerals in Lake Water,"
Water Research.  Vol.14, pp.185-187, (Feb, 1980).
Bancroft, W.H. and Lemon, S.L, "Hepatitis A from the
Military Perspective," in: Gerty, R.J. (ed.), Hepatitis
A, Academic Press, Orlando, FL (1984).
Berg, G., "Integrated Approach to Problems of Viruses in
Water," Journal of the Sanitary Engineering Division,
Proceedings of the American Society of Civil Engineers,
pp. 867-882, (Dec, 1971).
Berg, G., Chang, S.L., and Harris, E.K., "Devitalization of
Microorganisms by Iodine," Virology, Vol. 22, pp. 469-
481, (Apr, 1964).
Berg, G. and Metcalf, "Indicators of Viruses in Waters," in:
Indicators of Viruses in water and food, ed. (Berg, G.)
Chapter 11, 1978, pp.267-296
Bitton, G., "Adsorption of Viruses onto Surfaces in Soil and
Water," Water Research. Vol. 9, pp.473-484 (May, 1975).
Bitton, G., "Fate of Virus in Land Disposal of Wastewater
Effluents," Introduction to Environmental Virology,
John Wiley and Sons, New York, (1980a) pp. 206-227.
Bitton, G. "Adsorption of Viruses to Surfaces: Technological
and Ecological Implications", in;  Berg, G. and
Marshall, K.G. (ed.), Adsorption of Microorganisms to
Surfaces, John Wiley and Sons, New York, (1980b)
pp.331-374.
140
Bixby, R.L. and O'Brien, D.J., "Influence of Fulvic Acid on
Bacteriophage Adsorption and Complexation in Soil,"
Appl. Environ. Microbiol.. Vol. 38, pp.840-845 (Nov,
1979).
Black, A.P., et al., "Iodine for the Disinfection of Water,"
J. Aitier. Water Works Assoc. , Vol. 60, pp.69-83, (1968).
Black, A.P. and Christman, R.F., "Chemical Characteristics
of Fulvic Acids," J. Amer. Water Works Assoc.. Vol. 55,
pp. 897-912, (Jul, 1963).
Block, J-C. "Viruses in Environmental Waters," in; Berg, G.
(ed.), Viral Pollution of the Environment. CRC Press,
Boca Raton, FL, (1983), pp. 117-146.
Carlson, G.F. Jr., Woodard,F.E., Wentworth, D.F., and
Sproul, O.J., "Virus Inactivation on Clay Particles in
Natural Waters," J. Water Poll. Control Fed, Vol. 40,
PP.R89-R106, (Feb., 1968).
Chang, S.L., and Morris, J.C., "Elemental Iodine as a
Disinfectant for Drinking Water," Industrial and
Engineering Chemistry. Vol. 45, pp.1009-1012, (May,
1953).
Chang, S.L., "The Use of Active Iodine as a Water
Disinfectant," J. of Amer. Pharm. Assoc., Vol.62,
pp.417-423, (June, 1958).
Chang, S.L., "Modern Concept of Disinfection," Journal of
the Sanitary Engineering Division. Proceedings of the
American Society of Civil  Engineers,   Vol. 97, pp.689-
707, (Oct, 1971).
Chick, H.J., "An Investigation of the Laws of Disinfection,"
J. Hvg.. Vol VIII, pp.92-158, (1908).
Clarke, N.A., Chang, S.L., "Enteric Viruses in Water," J.
Amer. Water Works Assoc.. Vol. 51, pp.1299-1317,
(Oct, 1959) .
Oliver, D.O. and Herrmann, J.E., "Proteolytic and Microbial
Inactivation of Enteroviruses," Water Research. Vol. 6,
pp.797-805, (1972).
Cramer, W.N., Kawata, K. and Kruse, C.W., "Chlorination and
lodination of Poliovirus and ^2'"  —* Water Poll.
Control Fed. Vol. 48, pp.61-75, (Jan, 1976).
141
Dahling, D.R. and Safferman, R.S., "Survival of Enteric
Viruses Under Natural Conditions in a Subarctic River,"
Appl. Environ. Microbiol.. Vol. 38, pp. 1103-1110,
(Dec, 1979).
Dennis, W.H., "The Reaction of Nucleotides with Aqueous
Hypochlorous Acid," Water Res., Vol. 13, pp.357-362,
(1979) .
Dennis, W.H., Olivieri, V.P. and Kruse, C.W., "Mechanisms of
Disinfection: Incorporation of Cl-36 into fj Virus,"
Water Res.. Vol. 13, pp.363-369, (1979).
Ellis, K.V.,  van Vree, H.B.R.J., "Iodine Used as a Water-
Disinfectant in Turbid Waters," Water Research. Vol.
23, pp.671-676 (1989).
Farrah, S.R., Report of Test on Inactivation of Viruses by
Iodine, Report No. 6, Contract DAAK60-83-D-0002,
University of Florida, (1986).
Floyd, R. and D.G. Sharp, "Aggregation of Poliovirus and
Reovirus by Dilution in Water'" Appl. Environ.
Microbiol.. Vol. 33, pp.159-167, (1977).
Floyd, R. and D.G. Sharp, "Viral Aggregation:
Quantization and Kinetics of the Aggregation of
Poliovirus and Reovirus," Appl. Environ. Microbiol.,
Vol. 35, pp. 1079-1083 (1978).
Fujioka, R.S., K.M. Tenno and P.C. Loh, "Mechanism of
Chloramine Inactivation of Poliovirus: A Concern for
Regulators?", in; Water Chlorination, Environmental
Impact and Health Effects, Vol 4, Book 2, (ed.) Jolley,
R.L., Ann Arbor, MI., (1983) pp. 1067-1076.
Gauld, R.L., "Epidemiological Field Studies of Infectious
Hepatitis in the Mediterranean Theater of Operations
I. Clinical Syndrome, Morbidity, Mortality, Seasonal
Occurrence," Amer. J. Hyg.. Vol. 43, pp. 248-254,
(1946).
Geldrich, "Bacterial Populations and Indicator Concepts in
Feces, Sewage, Stormwater and Solid Wastes" in:
Indicators of Viruses in water and food, ed. (Berg, G.)
Chapter 4, 1978, pp.51-97
Gerba, C.P., S.M. Goyal, C.J. Hurst and R.L. LaBelle,
"Type and Strain Dependence of Enterovirus Adsorption
to Activated Sludge, Soils and Estuarine Sediments,"
Water Research. Vol. 14, pp.1197-1198 (1980).
142
Gerba, C.P., "Applied and Theoretical Aspects of Virus
Adsorption to Surfaces," Adv. Appl. Microbiol..
Vol. 30, pp.133-167, (1984).
Gottardi, W., "The Formation of lodate as a Reason for the
Decrease of Efficiency of Iodine Containing
Disinfectants,"  Zbl. Bakt. Hyg.. 1. Abt. Orig. B 172,
pp.498-507, (1981).
Gottardi, W., "Iodine and Iodine Compounds," In:
Disinfection, Preservation and Sterilization. 3rd ed.,
(ed.) Block, S.S., Lea & Fediger, Philadelphia, PA,
(1983), pp. 183-196.
Goyal, S.M. and Gerba, C.P., "Comparative Adsorption of
Human Enteroviruses, Simian Rotavirus, and Selected
Bacteriophages to Soils," Appl. Environ. Microbiol.,
Vol. 38, pp. 241-247, (Aug, 1979).
Greenland, D.J., "Interactions Between Humic and Fulvic
Acids,' Soil Science, Vol. Ill, pp. 34-40, (1971).
Hass, C.N., "Maximum Likelihood Analysis of Disinfection
Kinetics," Water Res.. Vol. 22, pp.669-677, (1988).
Hauchman, F.S., Shields, P.A. and Sobsey, M.D.• "Survival of
Hepatitis A Virus in Soils, Groundwater and
Wastewater," (Unpublished), Department of Environmental
Sciences and Engineering, School of Public Health,
University of North Carolina, Chapel Hill, NC.
Hejkal, T.W., Keswick, B., LaBelle, R.L., Gerba, C.P.,
Sanchez, Y., Dreesman, G., Hafkin, B. and Melnick,
J.L., "Viruses in a Community Water Supply Associated
with an Outbreak of Gastroenteritis and Infectious
Hepatitis," J. Amer. Water Works Assoc.. Vol. 74, pp.
318-312,  (Jun, 1982)
Hiatt, C. W., "Kinetics of the Inactivation of Viruses,"
Bacteriological Reviews. Vol. 28, pp. 150-163, (Jun,
1964).
Hoehn, R.C., " Comparative Disinfection Methods," J. Amer.
Water Works Assoc.. Vol. 68, pp.302-309, (1976).
Hsu, Y-C., "Resistance of Infectious RNA and Transforming
DNA to Iodine which Inactivates fj Phage and Cells,"
Nature. Vol. 203, pp. 152-154, (July 11, 1964).
Hsu, Y-C, Nomura, S., and Kruse, C.W., "Some Bacterial and
Virucidal Properties of Iodine not Affecting Infectious
RNA and DNA," American Journal of Epidemiology. Vol.
82, pp. 317-328, (1966).
143
Hurst, C.J., C.P. Gerba, J.C. Lance and R.C. Rice, "Survival
of Enteroviruses in Rapid-Infiltration Basins
During the Land Application of Wastewater,' Appl.
Environ Microbiol.. Vol. 40, pp.192-200, (Aug, 1980a).
Hurst, C.J., C.P. Gerba and I. Cech, "Effects of
Environmental Variables and Soil Characteristics on
Virus Survival In Soil," Appl. Environ. Microbiol.,
Vol. 40, pp.1067-1079, (Dec, 1980b).
Kapoor, S.K. and O'Connor, J.T., "Emergency Water
Disinfection Practice," Proceedings of National
Specialty Conference on Disinfection,   University of
Massachusetts at Amherst   (July 8-10,   1970), published
by American Society of Civil Engineers, New York, NY,
pp. 179-189, (1970).
Kinman, R.N., Black, A.P. and Thomas, W.C. Jr., "Status of
Water Disinfection With Iodine," Proceedings of
National Specialty Conference on Disinfection,
University of Massachusetts at Amherst   (July 8-10,
1970), published by American Society of Civil
Engineers, New York, NY, pp. 11-35, (1970) .
Kuzminski, L.N., Feng, T.H. and Liu, C.C., "Effect of
Inorganics on Disinfection by Halogens, "Proceedflngrs of
National  Specialty Conference on Disinfection,
University of Massachusetts at Amherst   (July 8-10,
1970), published by American Society of Civil
Engineers, New York, NY, pp. 85-111, (1970).
LaBelle, R. and Gerba, C.P, "Investigations into the
Protective Effect of Estuarine Sediment on Virus
Survival," Water Research. Vol. 16, pp. 469-478,
(Mar, 1982).
Lance, J.C. and Gerba, C.P, "Effect of Ionic Composition of
Suspending Solution on Viral Adsorption by a Soil
Column,"  Appl. Environ. Microbiol.. Vol. 47, pp. 484-
488, (Mar, 1984).
Lemon, S.C., Binn, L.N. and Marchwicki, "Radioimmunofocus
assay for Quantitation of hepatitis A virus in Cell
Cultures," J. Clin. Microbiol.. Vol. 17, pp. 834-839
(1983).
Lund, E. and Nissen, B., "Low Technology Water Purification
by Bentonite Clay Flocculation as Performed in Sudanese
Villages (Virological Examinations)," Water Research.
Vol. 20, No. 1, pp. 37-43, (1986).
144
Melnick, J.L. and Gerba, C.P., "The Ecology of
Enteroviruses in Natural Waters."  in: CRC Critical
Reviews in Environmental Control, Vol 10, pp. 65-93,
(1980).
Metcalf & Eddy, Inc., Wastewater Engineering: Treatment
Disposal Reuse. 2nd edition, McGraw-Hill, New York,
1979, pp. 264-267 and 280-281.
MIL-W-283G - Water Purification Tablet, Iodine, "Military
Specification Water Purification Tablet, Iodine," (18,
December 1979).
Morris, J.C., Chang, S.L. Fair, G.M. and Conant, G.H., Jr.,
"Disinfection of Drinking Water Under Field
Conditions," Industrial and Engineering Chem.. Vol. 45,
pp.1013-1015, (May, 1953).
Moore, B.E., Sagik, B.P., and Malina J.F., "Viral
Association with Suspended Solids," Water Research.
Vol. 9, pp. 197-203, (Feb, 1975).
Moore, R.S., Taylor, D.H., L.S. Sturman, M.M. Reddy and
Fuhs, G.W., "Poliovirus Adsorption by 34 Minerals and
Soils," Appl. Environ. Microbiol.. Vol. 42, pp. 963-
975, (Dec, 1981).
Neefe, J.R., Stokes, J., Baty, J.B. and Reinhold, J.G.,
"Disinfection of Water Containing Causative Agent of
Infectious (Epidemic) Hepatitis," Journal American
Medical Association. Vol. 128, pp. 1076-1081, (Aug 11,
1945).
Neefe, J.R., Baty, J.B., Reinhold, J.G. and Stokes, J.,
"Inactivation of the Virus of Infectious Hepatitis in
Drinking Water," American Journal of Public Health.
Vol. 37, pp. 365-372, (Apr, 1947).
O'Brien, R.T. and Newman, J.S., "Inactivation of
Polioviruses and Coxsackieviruses in Surface Water,"
Appl. Environ. Microbiol.. Vol. 33, pp. 334-340, (Feb,
1977) .
O'Connor, J.T. and Kapoor, S.K., "Small Quantity Field
Disinfection," J. Amer. Water Works Assoc.. Vol. 62,
pp.80-84, (Feb, 1970).
Oldham, C.E., "Inactivation of Hepatitis A Virus,
Poliovirus 1 and Echovirus 1 by Iodine in Water,"
Master's Technical Report presented to the department
of Environmental Sciences and Engineering of the School
of Public Health at the University of North Carolina,
Chapel Hill, NC, in 1988.
.145
Olivieri, V.P., Kruse, C.W., Hsu, Y.C., Griffiths, A.C. and
Kawata, K., "The Comparative Mode of Action of
Chlorine, Bromine, and Iodine of Fj Bacterial Virus,"
Chapter 7 In: Disinfection - Water and Wastewater,
(ed.) Johnson, J.D., Ann Arbor Sci Pub., Inc., Ann
Arbor, MI, (1975), pp.145-161.
Pond, M.A. and Willard, W.R., "Emergency Iodine
Sterilization for Small Samples of Drinking Water," J.
Amer. Water Works Assoc.. Vol. 29, pp.1995-1998,
(1937) .
Quails, R.G. and Johnson, J.D., "Kinetics of the Short-Term
Consumption of Chlorine by Fulvic Acid," Environ. Sci.
Technol., Vol. 17, pp. 692-698, (1983).
Rao, V.C. and J.L. Melnick, Environmental Virology.
American Society for Microbiology, Washington DC,
(1986).
Safe Drinking Water Committee,  Chapter IV, "Solid Particles
in Suspension," Drinking Water and Health. National
Academy Press, Washington DC, 1977, pp. 135-204.
Safe Drinking Water Committee, Chapter II, "The Disinfection
of Drinking Water,"  and Chapter III, "The Chemistry of
Disinfectants in Water: Reactions and Products,"
Drinking Water and Health. Vol 2, National Academy
Press, Washington DC, 1980, pp. 61-72 and 182-189.
Salo, R.J. and Cliver, D.O., "Effects of Acid, pH,
Salts, and Temperature on the Infectivity and Physical
Integrity of Enteroviruses," Arch. Virol.. Vol. 52,
pp. 269-282, (1976).
Sattar, S.A., "Virus Survival in Receiving Waters," in:
Viruses and Wastewater Treatment, (ed.) Goddard, M. and
Butler, M., Pergamon Press, New York, NY, 1981, pp. 91-
108.
Schaub, S.A. and Sagik, B.P., "Association of Enteroviruses
with Natural and Artificially Introduced Colloidal
Solids in Water and Infectivity of Solids-Associated
Virions," Appl. Microbiol.. Vol. 30, pp. 212-222,
(Aug, 1975).
Sharp, D.G., "Virion Aggregation and Disinfection of Water
by Chlorine and Bromine," Report EPA 600/52-82-022,
Aug, 1982.
Snoeyink, V.L. and Jenkins, D.. Water Chemistry. J. Wiley &
Sons, New York, NY, 1980, pp. 43-44 and 386-404.
146
Sobsey, M.D., Dean, C.H., Knuckles, M.E. and Wagner, R.A.,
"Interactions and Survival of Enteric Viruses in Soil
Materials," Appl. Environ. Microbiol.. Vol. 40, pp.
92-101, (1980).
Sobsey, M.D. and Cromeans, T., "Effects of Bentonite Clay
Solids on Poliovirus Concentration by Microporous
Filter Methods," Appl. Environ. Microbiol.. Vol. 49,
pp. 795-798, (1985).
Sobsey, M.D. and Hickey, A.R., "Effects of Humic and
Fulvic Acids on Poliovirus Concentration from Water by
Microporous Filtration," Appl. Environ. Microbiol.,
Vol. 44, pp. 259-264, (Feb, 1985).
Sobsey, M.D., Shields, P.A., Hauchman, F.H., Hazard, R.L.
and Caton, L.W. Ill, "Survival and Transport of
Hepatitis A Virus in Soils, Groundwater and
Wastewater," Wat. Sci. Tech.. Vol. 18, pp.97-106,
(1986).
Stagg, C.H., Wallis, C. and Ward, C.H., "Inactivation of
Clay-Associated Bacteriophage MS-2," Appl. Environ.
Microbiol.. Vol. 33, pp. 385-391, ( Feb, 1977).
Stringer, R.P., Cramer, W.N. and Kruse, C.W.,  "Comparison
of Bromine, Chlorine and Iodine as Disinfectants for
Amoebic Cysts," Chapter 10 In: Disinfection - Water
and Wastewater, (ed.) Johnson, J.D., Ann Arbor Sci
Pub., Inc., Ann Arbor, MI, (1975), pp.193-209.
Taylor, D.H., Moore, R.S. and Sturman L.S., "Influence of pH
and Electrolyte Composition in Adsorption of Poliovirus
by Soils and Minerals," Appl. Environ. Microbiol.,
Vol. 42, pp. 976-984, (1981).
Taylor, G.R. and Butler, M., "A Comparison of the Virucidal
Properties of Chlorine, Chlorine Dioxide, Bromine
Chloride and Iodine," J. Hva.. Camb.. Vol. 89, pp.321-327, (1982).
Teefy, S.M. and Singer, P.C., "Performance and Analysis ofTracer Tests to Determine Compliance of a DisinfectionScheme with the SWTR," J. Amer. Water Works Assoc..
Vol. 82, pp.88-98, (Dec, 1990).
Thurman, R.B. and Gerba, C.P., "Molecular Mechanisms of
Viral Inactivation by Water Disinfectants," Adv. Appl.Microbiol.. Vol. 33, pp. 75-105, (1988).
#. 147
Turk, C.A., Moore, B.E., Sagik, B.P. and Sorber, C.A.,
"Recovery of Indigenous Viruses from Wastewater
Sludges, Using a Bentonite Concentration Procedure,"
Appl. Environ. Microbiol.. Vol. 40, pp. 423-25, (1980).
Watson, H.E., "A Note on the Variation of the Rate of
Disinfection with the Change in the Concentration of
Disinfectant," J. Hyg., Vol VIII, pp. 536, (1908)
Wellings, P.M., Lewis, A.L. and Mountain, C.W.,
"Demonstration of Solids-Associated Virus in Wastewater
and Sludge,"  Appl. Environ. Microbiol.. Vol. 31, pp.
354-358, (1976).
Wolfe, R.L., Ward, N.R. and Olson, B.H., J. Amer. Water
Works Assoc..  Vol. 76, pp.74-88, (May, 1984).
Yates, M.V., Gerba, C.P. and Kelley, L.M., "Virus
Persistence in Groundwater," Appl. Environ Microbiol..
Vol. 49, pp. 778-781, (1985).
Yeager, J.G. and O'Brien, R.T., "Enterovirus Inactivation in
Soil," Appl. Environ. Microbiol.. Vol. 38, pp. 694-701,
(1979).
Young, D.C. and Sharp, D.G., "Poliovirus Aggregates and
Their Survival in Water," Appl. Environ Microbiol.,,
Vol. 33, pp. 168-177, (1977).
Young, D.C. and Sharp, D.G., "Virion Conformational Forms
and the Complex Inactivation Kinetics of Echovirus by
Chlorine in Water," Appl. Environ Microbiol.. Vol. 49,
pp. 359-364, (1985).
